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CALCULATING THE STARTUP-SENSOR READINGS OF THE CONTROL AND SAFETY
SYSTEM OF A BN-600 REACTOR ON THE BASIS OF SIMULTANEOUS SOLUTION
OF THE DIRECT AND CONJUGATE NEUTRON-TRANSFER EQUATIONS

V. I. Usanov and V. V. Korobeinikov ‘ UDC 621.039.51.15:
‘ 621.039.526

To monitor the neutron flux in the course of fuel-assembly loading and physical investi-
gations and also for emergency protection in all stages of physical startup in a BN-600 reac-
tor, provision is made for an additional set of startup equipment (ASSE). In its operational
state, the detector unit of the ASSE is established under the sodium level in a hermetic
steel chest which passes through the rotatable sample in an eccentric manner relative to the
vertical axis of the reactor and is cooled by air to a temperature of “80°C (Fig. 1).

The location, construction, and composition of the sensors in the unit are chosen so as
to take account of ithe theoretical characteristics of the neutron field. The theoretical
dependence of the detector count on the number of fuel assemblies is used to analyze experi-
mental methods of bringing the reactor to critical conditions and to write physical-investi-
gation programs.

Reliable prediction of the startup-sensor readings of the control and safety system is
complicated by a number of factors: the complex three-dimensional geometry of the calcula-

S S S S SSSSSSSSo S

\
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Fig, 2

Fig. 1. Position of ASSE detector unit in BN-600 reactor: 1) actuating source; 2)
fuel-assembly simulators, which may be dismounted on loading the reactor with the
regular fuel assemblies; 3) detector unit; 4) hermetic steel chamber; 5) shielding; 6)
central column of control and safety system. :

Fig. 2. Calculation region for direct (a) and conjugate (b) problems: 1) surface-in-

tegration contour; 2) sodium boundary layer; 3) steel chamber; 4) conjugate source; 5)
sensors; 6) moderator.

Translated from Atomnaya Energiya, Vol. 59, No. 5, pp. 323-327, November, 1985. Original
article submitted January 25, 1985, : - . _ _
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unit construction, variation in parameters of the neutron source and shielding in the course
of fuel-assembly loading, the fairly large distance from the source to the sensors.

In addition, it would be impossible to produce a full-scale experimental model. 1In
these conditions, a theoretical—experimental approach is used; the basic concept is to cal-
culate the neutron field at the sensor location and determine experimentally the correction
coefficients for the perturbation of the field by the detector unit itself. This approach is
widely used to determine the neutron-physics characteristics of key reactor components, in-
cluding sensors in the control and safety system, both in the Soviet Union and elsewhere {1,
2].

Calculations taking account of modeling of startup sensors of the BN-600 reactor on the
BFS-2 teststand [3] gave underestimates of the sensor reading by a factor of approximately
3-4 in comparison with measurements obtained in startup [4].% Although these discrepancies
did not require modification of the apparatus and movement of the sensors over the height,
the power of the expensive startup source could be reduced by a factor of 2-3 with more pre-
cise calculation.

In the present work, an attempt is made to improve the quality of calculation of ASSE
sensor readings using a trend that has developed in perturbation. theory [5-8]. The general
idea is the same as in the theoretical—experimental approach, i.e.,, to split the complex
initial problem into two simpler problems: calculation of the reactor without a detector
unit (unperturbed problem) and calculation of the detector unit, regarded as a perturbation,
separately from the reactor (Fig. 2).

The distinctive feature of the second problem is that retaining simple boundary condi-
tions entails solving not the direct but the conjugate transfer equation. The detector
readings in each of six measuring channels are estimated from the formula

Ny== — S dv(g) drp (nl_v_l) @ (v, V) OF (T, v). _ : 1)

where k is the number of the measuring.chamber; ¢ (xf, v), ¢*(ry, v) are the direct and con-
jugate neutron fluxes, with velocity v at point r on some general surface F surrounding the
detector unit; n is the unit vector of the normal to F.

At present, this method has been used to calculate such functionals as the activation of
the second-loop sodium in the design of a fast reactor at Clinch River [9], the dose from
neutron radiation in the building above the 1id of the FFTF reactor [7], the dose fromy ra-
diation of a commercial fuel-reprocessing plant [10], and so on. Regrettably, there is prac-—
tically no information on some important details of the method, such as the choice of an op-
timal integration contour, the accuracy of the method, the features of matching the different
geometries, and so on. These problems were partially discussed in [8, 11}, individual results
of which are used in sensor calculatlon.

The direct problem (finding the distribution of neutron flux density in the volume above
the reactor), taking account of the reactor symmetry and its large dimensions, has been
solved according to the DD program [12] in the P, approximation and R-Z geometry, and the
conjugate problem (flndlng the distribution of the pseudoneutron density around a complex’ de-
tector unit) has been solved by the Monte Carlo method using an SMK-10 program [13]. 1In both
cases, a 26—group system of constants is used [14].

The surface of integration F is chosen in the boundary region common to the direct. and
conjugate problems (Fig. 2a, b). Since it was established in [8] that neither the configura-
tion of F nor its position in the boundary region affects the accuracy of the calculation,
only those factors whlch are. associated with the specifics of the programs employed will be
considered.

Analysis of the general formula obtained from Eq. (1) on series expansion of the direct
and conjugate fluxes in terms of spherical functions shows that, if the Pr approximation is
used in the direct problem, attention may be confined to the first L + 2 moments of the ex-
pansion of the conjugate flux in integrating over the surface F, without loss of accuracy.
Since the direct problem is solved in the P, approximation, taklng the first three moments -
of the series expansion of the conJugate flux in terms of spherical functions is sufficient

*Results from direct calculation in P, approx1mat10n (in two- and one-dimensional geometry)
appear even higher than the experimental results.
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. in order to obtaln an accurate result. The standard modlfication of the program permits the

calculation of @ and a spec1a1 modification gives @1. Having decided to limit consideration
to this approximation, the "working" conjugate formula obtained takes the form

. 26 .
Ne=3 § dre [0 (g3 ) + 979 (0, @)1, )
g=1

,q)(g)

where g is the number of the energy group; @o,g% ‘is the complete group of direct and

(g)

conjugate fluxes ¢ 177, w1,gi are the vectors of the direct and conjugate currents.

The program realizing the calculation of the sensor readings according to Eq. (2) with
matching of R—~Z geometry of the reactor and three—dlmen51onal geometry of the sensor unit was
written in Fortran for a BESM-6 computer. The data masses corresponding to the neutron fluxes
and currents obtained from the DD program and the conjugate fluxes and currents from the
SMK-10 program form the input. The basic elements of the program are a geometric unit for
determining the coordinates of points on the matching surface, an interpolation unit which
prepares the flux and current values at these points, and an integration unit performing
calculation accordlng to Eq. (2).

The neutron fluxes have been calculated for seven reactor loadings [15]. For three of
them, the reactor is considered both with all the control rods immerSed in the active zone
and with the central rod and the emergency-protection rods withdrawn. The states investi-
gated are chosen so that the rows of fuel assemblies are totally complete; the system of

_control rods consists of homogenized annular layers. One advantage of this approach is that,

in order to calculate the sensor readings in the course of reactor loading, it is sufficient
to introduce changes in the composition of the physical zones and simply recalculate the di-
rect problem. Note one more simplifying factor. To obtain the sensor readings in each mea-

~ suring channel, it is unnecessary to solve k conjugate equations. In view of the detector-

[ Integration surface (F) : |

) ASSE detector unit
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Ho7t 7
g |
54T 2
H
éaﬁ: . /(
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1 1 1 ) i .
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a
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. b :
Fig. 3. Relative distribution of the contribution of in-
dividual sections of the surface to the readings over the
height (a) and the azimuthal angle at the level of the
center of the sensors (b); 1-3) near, middle, and far rows
of sensors, respectively.
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Loading Fuel Assemblies in the Active Zone of the BN-600 Reactor

) Counter readings, pulses/sec
near-source measuring - . ,
channels middle measuring channels far measuring channels
.Loading conditions : | Ne-Nel | M —Ne|
. t- : - { Nt—N,
Ne | M —ﬁee_ t00%| Mo | Mo [T iooq| Ne | Mt __-tN_eel_ $00%
" SNS; FA simulatorsy 2502+2 | 2590 4 1643+3| 1810 10 118442 | 1250 6 -
ILS .
SNS; 46 FA, LEZ; 415541 | 5380 29 27602} 3680 33 195743 | 2640 35
ILS :
SNS, 118 FA, LEZ; | 6839+1 | 7590 1 4682+-3| 5330 14 3293+3 | 3890 18
FA simulators; -
ILS : ‘ ‘
SNS; 148 FA; LEZ; | 78424-4 | 9410 20 5423+31 6680 23 388445 | 4820 24
FA simulators; - :
- ILS L
- SNS;-216 FA, LEZ; {425*41 | 112+* 10 7414+9| 8030 8 5298+5 | 5950 12
FA simulators;
ILS ) : :
SNS; 216 FA, LEZ; |161*4+1 | 155* 4 954945 | 10690 12 1696245 | 8010 15
25 FA, HEZ
SNS; 216 FA, LEZ; [190*+2 | 195* 3 113907 12290 8 833449 | 9380 13
40 FA, HEZ; ILS; .

Note. SNS, startup neutron source; ILS, internal lateral screen; LEZ, low-enrich-
ment zone; HEZ, high-enrichment zone; FA, fuel assembly. '

unit symmetry, a conjugate source may be specified in only one -of the channels and the read-
ings of a particular sensor may be obtained by "turning" the rate field so that the con-
jugate source is in the required position with respect to the active zone. This permits one-
time solution of the conjugate problem.

 Thus, the variation in neutron field in the course of reactor loading is described by
ten two-dimensional variants obtained from the DD program. On an EC-1060 computer, 50 min
is required to calculate one variant. To obtain the rate field in a single variant (with a
standard deviation in group fluxes of ~5%) in a single variant calculated by the SMK-10 pro-
gram on a BESM-6 computer, around 3-h machine time is required.

Table 1 gives the theoretical readings (N¢) and those recorded in the course of startup
(Ne) [4] for ASSE sensors in assembling the critical mass of a BN-600 reactor with all the
control rods immersed in the active zone. As is evident from Table 1, the discrepancy be-
tween the theoretical and experimental data is 3-35%, which satisfies the requirements im-
posed on the calculation accuracy for such systems. The results indicate the importance of
correct description of the apparatus geometry and neutron-transfer effects, taking account of
inhomogeneities in the ASSE detector unit. The best agreement of the theoretical and ex-
perimental results would hardly be expected because of indeterminacies in the intensity of
the startup source.and the sensitivity of the sensors, as well as constant and methodological
errors. A somewhat greater discrepancy (30-40%) is obtained on withdrawing the control rods.
In this case, the absorbing elements of the control system are in the path of the neutrons
from the source to the sensor and a homogenized representation of the rod system in the form
of annular layers in R—Z geometry overestimates the real screening action of the absorber.
The theoretical value of the blocking factor is 0.5-0.6, as against the experimental value of
0.85. S ' :

The accuracy is higher for relative results of the calculations. Thus, the error in the
nonuniformity coefficient of the detector count over the measuring channels is no more than
7%; the smoothing of the nonuniformity coefficient as fuel-assembly loading proceeds practi-
.cally coincides with the experimental data. Better agreement is observed between the experi-
mental and theoretical curves of the inverse multiplication for the case with inserted control
rods. C ‘

Calculations not only allow the readings of each sensor to be obtained but also allow.
the features of neutron transfer to be estimated. This may be -done simply by introducing thg
value of Ny on each section of surface F. (8Ng) in Eq. (2) prior to the final integration over
F. The relative distribution of the contribution of individual sections of F to the sensor

" 880
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readings over the height and azimuthal angle at the level of the sensor center is shown in
Fig. 3. As is evident from Fig. 3a, the determining contribution is observed in the section
of the surface opposite the sensor. Beyond the limits of the detector unit, there is practi-
cally no leakage of the neutrons being recorded. Asymmetry of the neutron contributions to
the sensor readings is observed over the height relative to the center of the detector height:
neutrons passing through the lower part make a large contribution. The character of the con-
tribution over the vertical is practically independent of the measuring channel in which the
sensor is placed: near, middle, or far. The distribution over the azimuth is different,
however (Fig. 3b). The maximum contribution for near and middle sensors is shifted from

| their centers toward the neutron source and for far sensors in the opposite direction. This
indicates that the transfer of the neutrons making the basic contribution to the readings of
the far row of sensors occurs through the rear wall of the steel tube in which they are‘" .
placed, since the usual path — through the wall closer to the neutron source — is blocked by'da
the effective absorption in the near sensors and the surrounding structures.

|

|

Distributions similar to those obtained may prove useful for directed variation in de-
tector-unit structure with the aim of improving the efficiency of neutron-recording. To
test a particular structural variant, only the conjugate problem need be recalculated
here, which significantly reduces the bulk of optimizational investigations.

Thus, the method used to calculate the startup-sensor readings of the control and safety
system of a BN-600 reactor allows the calculation scheme to be brought into closer agreement
with the initial physical model than in the traditional approach and allows the resources of
the DD and SMK-~10 calculation programs to be more optimally distributed.” As a result, not
only economies of machine time are obtained, but there arises the possibility,.in principle,
of studying a complex inhomogeneous section of shielding using relatively limited computa-
tional means.

Comparison of the theoretical results with expérimental data obtained in the course of
BN-600 reactor startup confirms the practical applicability and efficiency of the method.

The given problem, together with the existing non-Soviet experience in calculating the
functionals of shielding using "surface binding" of the solutions of the direct and conjugate
equations, leads to the conclusion that it is expedient to include a matchingprogram (with
broad possibilities regarding methods of solution and geometries of the program units being
matched) in packets of applied problems now being produced for the complex calculation of
shielding.

It remains to thank M. F. Troyanov, E. I. Inyutin, and V. I. Savitskii, for useful dis-
cussions and also Yu. N. Mironovich and V. B. Polev for assistance in using the DD and SMK-10
programs.
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ACOUSTIC NOISE FROM STEAM GENERATORS IN THE BOR-60 REACTOR
DURING SIMULATION OF LEAKS BY ARGON AND STEAM

V. M. Sokolov, V. V. Golushko, UDC 621.039.564.22:534.83
V. A. Afanas'ev, Yu. P. Grebenkin,
and A. B. Muralev

Studies of accident conditions in the presence of small and large leaks of water into
sodium were carried out on the micromodular 30-MW sodium-water steam generator, developed in
' the Czechoslovak SSR and tested on the BOR-60 reactor {l]. We tested established systems for
discovering leaks and promising new systems, including those based on an analysis of acoustic
noise generated by the leak. We also studied acoustic noise on a 20-MW enclosed steam genera-
- tor.

To study noise in the micromodular steam generator, several acoustic sensors were mounted
on one.of eight sections (Fig. 1). Submersible transducers, constructed in the GDR, were fab-
ricated from lithium niobate crystals 6 mm in diameter. They were separated from the sodium
by a stainless steel membrane 0.1 mm thick. The waveguide acoustic transducers were fabri-
cated in the form of stainless steel rods 10 mm in diameter and 500 mm long. The rods were
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Fig. 1.  Arrangement of the transducers in the micromodular steam generator:
Al, A2, A3) submersible transducers; Cl, C2, and C3) wave-guide tranducers;
Bl) high-temperature accelerometer; A and B) units for injection of argon
(steam).

Fig. 2. Arrangement of the transducers on the enclosed steam generator: D1-
D15) waveguide transducers; El, E2) submersible transducers; IU) argon injection
unit. '

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 5, pp. 327-330, November, 1985. Original
article submitted November 19, 1984; revision submitted March 25, 1985.
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welded at one end to the housing of the steam generator. Rings made of TsTS-19 piezoceramic
were placed on the cold ends of the rods., In addition, three waveguide sensors were placed
on parallel sections of the steam generator, but we did not analyze their signals because of
their insensitivity to noise generated by small leaks. The signals from the sensors were
recorded on a seven—channel magnetograph in the frequency band 0.2-150 kHz. In some cases,
we analyzed the signals in real time with the help of a system for digital processing of

stochastic processes [2] using algorithms for calculating the variance and the power spectral
density of the signals.

To imitate water leaks into the sodium in. a steam generator, we inserted two injection

units A and B between the evaporator modules and in front of the superheater module (see Fig.
1).

Fifteen waveguide and two submersible acoustic sensors were mounted on the enclosed
steam generator (Fig. 2). The submersible sensors are analogous to those described pre-
viously, but the waveguide sensors were fabricated from tubes 6 mm in diameter and 250 mm

long. To imitate the leak, an injection unlt was mounted on the overflow pipe of -the steam
generator.

To check the working capacity of the injection units and the adjustment of the detection
systems we injected argon into the steam generator. At the same time, we pursued another
goal: to obtain data for possible replacement of steam by argon in the investigations and
to check the established leak-detection systems.

Spectral analysis of the background noise of the steam generator and the noise generated
by argon and steam leaks (Fig. 3) enables drawing a conclusion regarding the possibility of
such a replacement; however, the data obtained are characteristic only for this type of steam

" Leak starts

G, arbitrary units

6, arb. units

QN W Gy Sy AN e S

e | [

70 20 30 40F kHz

SN W
T

Fig. 3 Fig. 4
Fig. 3. Power spectral density of the noise of a micromodular steam generator (A2

sensor): a) with steam flow through the nozzle A at a rate of 0,04 g/sec, b) with
argon flow at a rate of 0.032 g/sec; c) background noise.

Fig. 4. Change in the variance of the acoustic noise of a micromodular steam genera-
tor accompanying injection of steam (with a flow rate of 0.08 g/sec) through the noz-
zle B: a) Al sensor; b) C3 sensor; c) A3 sensor.
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Fig. 5. Change in the variance of the acoustic noise of an enclosed steam
generator accompanying injection of argon (the flow rate is equal to 0.11 g/sec):
a) sensor D2; b) sensor D14,

Fig. 6. Change in the variance of the acoustic noise of an enclosed steam generator
accompanying a 10% drop in the sodium flow rate: a) sensor D5; b) sensor D1.

generator with'injection in its low-temperature part. When the temperature of the super-
heater is raised, the relative fraction of the hydrogen reacting with the sodium increases
significantly, and the intensity of the acoustic noise becomes significantly lower than for
argon. The possibility of replacing steam by argon in a different type of steam generator
can be confirmed only experimentally because of the complexity of the mathematical descrip-
tion of the efflux of a jet and its interaction with the elements of the structure of the
steam generator. A leak in the presence of obstacles creates a louder noise than the same
leak (or even a larger leak) in the absence of obstacles.

The spectral composition of the recorded signals is determined not only by the noise
generated by the leak, but also by resonance properties of the object on which the sensor is
placed, the properties of the sensor itself, and its connection joint. When studying the
spectra of signals from the submersible sensors with known characteristics, none of the enu-
merated factors can be excluded in practice, because in order to obtain an airtight seal at
high sodium temperatures the bond between the sensor and the steam-generator vessel must be
rigid. 1In reality, the steam-generator — connecting joint — sensor system is an electro-
mechanical filter with variable characteristics depending on the conditions under which the
experiments are performed. The reaction of the system to the background noise of the steam
generator (see Fig. 3) is determined, in addition, by the presence of a high-frequency filter,
which lowers the signal amplitude at frequencies <{ 5 kHz. It is inserted into the recording
system because of the high background noise level of the steam generator at low frequencies
in order to separate out the information on the leak at higher frequencies, since the record-
ing apparatus has a limited dynamic range.

Figure 3 shows that the noise band generated by the leak is wider than the background
noise band generated by the steam generator; in addition, both high and low frequencies ap-
pear in the spectrum. It is possible that the drop in the power spectral demnsity of the
noise at 17 kHz is caused by a change in the resonance properties of the steam generator or
screening of part of the acoustic energy by a cloud of argon or hydrogen bubbles. An analo-
gous situation is also characteristic for other sensors.

Figure 4 shows the dependence of the change in the variance of the signals as a function
of time for sensors placed at different heights in the steam generator with steam injected
through the upper nozzle B. The sensor Al, positioned above the location of the leak along -
the sodium path, reacts practically instantaneously to the appearance of the leak; the delay
in the signals from the leak at the bottom sensors corresponds to the propagation time of
hydrogen bubbles with the sodium flow into the region where the sensors are located. The
sensor Al receives more noise from the steam jet and less noise from the motion of the hydro-
gen bubbles. The sensor Bl, on the other hand, receives more noise generated by the motion
of the hydrogen bubbles. Moreover, the cloud of bubbles in a quite developed flow can screen
the noise from the steam jet. The lower sensors C3 and A3 react only to the appearance of
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hydrogen bubbles. These differences are caused by the high attenuation of the acoustic sig-
nals as they propagate along the steam generator. .

To confirm what was said above we can add the fact that the injection of argon (steam)
with a flow rate of .;0 9 g/sec in the bottom nozzle A can be recorded above the location of
the leak only by the nearest sensors A2, Bl, and C2 and by the transducers C3 and A3 posi-
tioned below the leak.

Analogous results were obtained in a study of the nolse generated by an argon leak in an
enclosed steam generator. The noise from the leak with a relatively low flow rate (< 0.15
g/sec) is recorded only by the sensors D1-D5 and El, positioned approximately at the same
level as the injection unit (Fig. 5). The sensors D6-D11, positioned above the leak along
the sodium path, do not react to the leak because of the high attenuation of the sound energy
“during its propagation along the steam generator. It should be noted that the sensor D6 is
situated approximately at the same distance (“3 m) from the location of the leak as the sen-
sor C2 in the micromodular steam generator, which reacted reliably to all leaks implemented
through the nozzle A. For comparison, we point out that the line in the micromodular steam
generator has a diameter of 160 mm while the diameter of the vessel is equal to ~1 m. The
signal from the leak can be distinguished on the sensors D14 and D15, situated 8 m from the
location of the injection, with a delay of about 12.5 sec relative to the omset of the leak
and only at high frequencies 40-60 kHz. The sodium velocity in the steam generator is not
high enough to entrain downwards large argon bubbles, so that only very small bubbles, which
have a high resonance frequency, contribute to the signal spectrum.

A comparison of the results obtained with the help of different sensors leads to the
same conclusions regarding the nature of the background noise and the leak signals (spectral
density, signal-to-noise ratio, etc.) in the case when the trasmission band of the trans-
ducers is the same.

The investigations showed that the efficiency with which the leaks are detected depends
on the background noise level of the steam generator. We studied the background noise in an
enclosed steam generator for different power levels and by perturbing its operation by chang-
ing the parameters by several percent. - The intensity of the noise generated by the steam
generator is determined primarily by the boiling of the water and the motion of the steam—
water mixture and of steam. Disturbances which can accompany operational changes in the op-
erating conditions of the system or actuation of systems for regulating the parameters of
the steam generator both increase and decrease the background acoustic noise level. For
example, when the sodium flow rate is changed rapidly (Fig. 6) the background noise level in-
creases after some time interval; in addition, as a rule, impulsive components appear in the
signal, independently of the construction of the sensor used. The time interval within which
the nolse reaches a new stationary level is determined by the type of perturbation and can
constitute several tens of minutes. Analogous results were also obtained for the micro-

. modular steam generator.

In spite of the fact that we studied the noise from steam generators with different con-
structions, we can point out several common features. In both types of steam generators,
changes in the operating conditions produce changes in the background noise level which can

'be comparable to the reaction of the sensors to small leaks. The quite strong attenuation of
the sound energy as it propagates along the steam generator, which makes it more difficult to
separate the signals generated by a leak at distant sensors, should be noted.
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ANISOTROPIC TURBULENT HEAT TRANSFER IN CHANNELS OF NUCLEAR POWER
REACTORS

V. P. Bobkov _ UDC 621.039.534,25

Great significance is attached to computational methods, based on the use of differential
‘energy equations, for substantiation of the operating temperature conditions of fuel cells in
reactors cooled by homogeneous coolants in the presence of turbulent flow in channels with a
complicated profile. To close this system of equations it is necessary to know, in particu-
lar, the characteristics of the heat transfer. Heat transfer in channels with a complicated
profile has the following characteristics: the velocity field and the temperature field are
three-dimensional; the temperature field in the flow and in the fuel element is a function of
the properties and geometry of the fuel element as well as the properties of the flow (adjoint
problem).

In order to take these features into account, it is necessary to know the laws of tur-
bulent transport along the normal to the wall and in the azimuthal (tangential) direction;
in longitudinal runs the laws of transfer along the average motion must also be known.

The existence of a significant difference in the intensity of turbulent heat transfer
in the flow near the wall in different directions relative to an exothermic wall has now been
established. It is well known that the intensity of turbulent heat transfer is characterized
by the coefficient of turbulent heat transfer (CTHT) introduced in analogy to Boussinesq's
hypothesis.

We shall write the system of energy equations in a somewhat simplified form for the re-
gion of the fuel element and for the region of fluid flow, respectively:

9Ty, . Tv ) . . (1)
%w 0(!6.‘[, _(pCp w’ .
62Tf J L’Tf qv , (2)
ey 61i0zi+0z (_UT) ‘dz +(pC;, )f’

where ay and agf are the coefficients of thermal diffusivity for the wall and the liquid,

respectively; T, temperature; T", temperature pulsation; qy, specific volume liberation of
heat; x, coordinate; o, density; Cp, heat capacity; u, velocity; u', pulsation of the velocity:

=1, 2, and 3 (4 = 1 corresponds to the direction along the average motion; i = 2 to the
direction along the normal to the wall; and i = 3 to the tangential direction).

The condition for interaction between the regions consists of the equality of the tem-
peratures and heat fluxes at the interaction boundary. The system of energy equations be-
comes closed, if the velocity field uj and the turbulent heat fluxes ujT' are known. We
shall express the latter in terms of the CTHT al. We shall assume that for three-dimensional
problems aT is a tensor of at least rank two, .since

w7 =d g k=1,2, 3. | (3)

Then the CTHT tensor assumes the form

ayy Gy g3 . : %) -
T N .
Aip = §Qay Qg3 Qo3¢ . : '

A3y Q3 Q33

In practical engineering calculations the secondary off-diagonal terms are neglected in
order to simplify the problem. Then Eq. (2) assumes the form

P oy 5 Ty 7 (5) K
77; [(a+5u\-dm) 6_11-] = Uy 3;4‘( oC )f,

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 5, pp. 330-335, November, 1985, Original
article submitted October 30, 1984.
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TABLE 1. Variants of the Computational Experiment

. : ’ 0 —.r1 Ira Coeff. of approx-
Channels (number of variants) Pr Re sid imate therma
modeling €ko

Cylindrical tubes- (44) - 0—100 408—105 — —
Ring-shaped channels (256) 0—100 . — 0,06—1,0
Triangular rod bundles §30003 0—10 — 1,0—-2,0 0,01—1000
Tetragonal rod bundles (1200 0,02 — . — 0,1—100

0,7 ’

5.0

Note. r, and r. are the inner and outer radii of the ring-shaped channel; S is the
spacing of the fuel elements in the bundle; d is the tube diameter. .

TABLE 2. Error in the Computational Data Relative to the Experimental Data for Nu

o Error, %
Channels I Coolant He e arithmetic
o . rms mean
Cylindrical tubes Liquid metals, water, air, 5000—100000 7 3
: ethylene lycol .
Ring-shaped channels Liquid meta s, ‘water, air R 10 4
Triangular rod bundles, — : — 10—15 3—10
s/d =1, 8/d >1.1 ) .
Triangular rod bundles, Water : 2000—80000 —_ 40
1.02 5S/d 51.06 T .
Triangular rod bundles, Liquid metals; gases 5000—100000 10—15 3—10
1.0 s8/d =1.1 ‘ : .
Assemblies of fuel elements Liquid metals 2000—75000 ~ 10 ~ 5—10
with a shell and a plunger .

where 84k is the unit temnsor of ramk two; j = 1, 2, and 3.

A method for directly measuring al for flow in channels with a complicated profile has
still not been developed because of the difficulties associated with the complexity of the
“concept of the coefficient of turbulent transfer. The well-known trace method, used for
studies in anisotropic’inhomogeneoﬂsAflow, gives very approximate results. The lack of ac-.
curate direct measurements does not permit checking the existing semiempirical models, for
example, the model of N, I, Buleev [1].

A new computational—experimental approach to the determination of the CTHT, which can be
used for flow in channels with a complicated profile and which reveals the anisotropic nature
of the transfer, was proposed arnd developed in the works of this author and his colleagues
[2, 4]. The method is based on the development of the theory of homogeneous diffusion, and
it makes use of the experimental values of the statistical characteristics of the velocity
and temperature fields [2]. Methods for improving this approach, the substantiation of the
approach, and the results obtained by using it are demonstrated in different publicatioms.
The purpose of this paper is to summarize all work performed and to present some new results.

The essence of the new approach to determining al in channels consists of the following.
Under the assumption that the turbulent flow in the channels obeys the hypothesis of local
homogeneity, the relation obtained in the theory of homogeneous diffusion for the coefficient
of turbulent transfer of flow particles vy for long diffusfion times is used:

©o

Vo :Q‘;/(?T) =0} 5 R (v)dtv =0T,

where y is the distance from the wall; 0; intensity of the velocity pulsations; R(t), auto-
correlation coefficient; 1, time displacement; and T, macro time seal of the pulsationms.

The value of ¢ is taken from the generalization presented in [3], and the validity of
this approach is justified in [4]. It is more difficult to determine the Lagrange macro
time scale T, which determines the heat transfer.

First of all, in a turbulent flow with displacement, especially in channels with a com-
plicated profile, the Lagrange macro time scale must exhibit a directional variation just as
does the intensity of the velocity pulsations. Characterizing the average lifetime of a dis-
turbance, T must reflect the fact that the instantaneous pulsational motion near the wall
may turn out to be and indeed is substantially two-dimensional (in a plane) or one-dimen-
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sional (along one axis). lhe pulsational MOT10N COULA D€ LOE LeSULL UL Lutativuas vi [3DS=
lational motion of the flow in a plane parallel to the wall, when the motion in a direction
along the normal to the wall is prevented by its proximity. Thus T2 (for motion in a direc-

. tion along the normal to the wall) is much shorter than T; and T, (for motion in the tangen-
tial direction and in a direction along the average motion, respectively)., An exact deter-
mination of the Lagrange macro time scale in terms of measurable Euler correlations cannot be
made at the present time. We therefore introduce [2] the concept of the macro time scale Ti
which determines the magnitude of the turbulent transfer in a given direction and replaces
the concept of the Lagrange macro scale. Then, for k =1

ah=0iT;. ‘ (6)

Second, in order to determine the macro time scale determining the heat transfer, it is
not the velocity correlation functions that must be used, but rather the correlation func-
tions obtained from studies of the temperature pulsations. We assume that in this case the
molecular diffusion of heat is taken into account automatically. As a result, a model for
turbulent -Pr need not be constructed. We obtain the value of Prr with the help of the method
proposed in [4]. The method for determining the macro time scale determining heat transfer
is described in [2, 5]. The calculations performed enabled obtaining generalized dependences
for T4 [6], which are used in the relations for al, and ass [7, 8]:

s 0,46 Re Pr [1—exp (—0.62. 10~ Re JFR)] ()" ()" (1) exp ( — 1.54;2—): (7
] max
% _0.36 Re Pr [1 —exp (—0.62-10- Re / Fr)} (4 )’ (7?0—)2 (1’—%)2%1)( —2.34 ), (8)
- max

where uo is the maximum velocity; u is the average velocity; and yopax is the maximum distance
from the wall to the line of the maximum velocity. :

In the relation (7), as also in the relation (8), all constants, with the exception of
one, were obtained from generalizations of the intensity of the components of the velocity
pulsations and the time scales of temperature perturbations; the dependence on the Re and .Pr
numbers is also determined from these generalizations. We refined only the expoments of u/d
from the condition that they satisfy the average temperature fields for coolants with large
values of Pr, when it is very important to have an accurate field of aT in the zone near the
wall. All constants are universal for typical cells of channels whose transverse cross sec-
tion has a complicated shape for values of Re varying from 5000 to 100,000 and values of Pr
varying from 0 to 10 (100). ' -

-These -relations for aEg and aga are widely known [9-11]. 1In recent years they have been’

checked with the help of a computational experiment, as a result of which the temperature
fields and the values of Nu for flows of liquid metals, gases, and water in ring-shaped chan-
nels [12], triangular and tetragonal rod bundles [13-16], and other channels with a more com-
plicated transverse cross section (Table 1) were calculated. The error with respect to the
experiment is in most cases small (Table 2).

In the past, only the two principle components of the tensor (aEz and a?a) were com-—
bined by this method and used. Because of the practical value of the third component this
author calculated.the relation for the component along the average motion al,

In the calculation of the macro .time scale for transfer in the transverse direction,
along which there is no average motion, we assumed that it is necessary to take into account
the displacement.of particles precisely in the direction of transport, and we determined the
spatial displacement in terms of the intensity of the velocity pulsations (84 = 947). For
transport in a direction along the average motion, the particle displacement is determined
primarily by the value of the average velocity u,. Then

,T,:SR(r, 8), ..., ' )

0

where § is the displacement in space, ji.e., the lifetime of the temperature perturbation for
a displacement along the average motion is determined by the space—time correlation coef- i
ficient with an optimal displacement § = ut. In this case, '

T, =~ Tais. (10).
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Fig. 1. Variation of‘ngtoverfthe cross section of:the flow in the tube. The calcu-
lations based on formula {(l4): 1) Re = 10“; 2) Re = 10°; 3) experlmental data from
[18, 19] for Re = 10* — 2:10%; Pr(Sc) = 0.7 — 1200.

Fig. 2. Variation of B.» over the cross section of the flow in the tube. Calcula-
tions based on the formula - (15) 1) Re = 10“; 2) Re = 10%; 3) data from [20], Re =
10* — 2-10°.

w Fig. 3. Prr versus Re and Pr. -Calculations using the formula (18): 1) Pr-= 3; 2)
| = 0.7; 3) Pr = 0.023; experimental data: 4) [25]; 5) [26]; 6) [27];e) [10, 32];
O) [28] @) [29]; &) [30]' V) [311; 4,5, 6, O, ' A) Pr #0.02; @) Pr= 0.07.

More accurately, T.0. = Tg (u: + 0:), where TE is Euler's macro time scale.

. The relation (10) enables evaluatlng approximately the macro time scale Ty, determining
the turbulent transport of heat in a direction along the average motion. Using the results
of [6, 17] for the description of Euler's macroscopic time scale for temperature pulsations
and the results of [3] on the generalization of the intensity of velocity pulsations, we
obtain an approximate relation for T, in the form

T, =125 (1 _exp (—0.62.10- Re |/ Pr)| =, 1
where do is the diameter of the fuel element in the bundle.
"Using (6) and (11), we obtain
af, =o;T, = 1.05. 0.95 %
'i (12)
Xu[i—exp( 0.62. 10“Re[/Pr)] (1——)9XP(—1-48y0y )
max
‘ After some transformatlons, we obtain

oo exp (—0.62.10-1Re /Pr)] (1.2 )2 (L) (2 )? - y - (13)

1 o~ 6.7Re Pr[1 exp (— 0.62.10- Re {/ Pr)] (1 uo) (uo) (;) exP(_ 148 )

Omnx

From (7), (8), and (13) we obtain a relation for the anisotropy coefficients, i.e., for
ratios of the CTHT in different directions to the value of the transfer in a direction along
the normal to the wall: '

32_:2_2_5225( ) exp( | Oyax); - : (14)
hu =2 (2" o w

29

We shall compare these results with the experimental data for flow in circular tubes.
Within the limits of error of the experiment, the values of B3z from the formula (14) are in
agreement with the data from [18, 19], obtained by the approximate trace method, which gives
a spread of an order of magnitude in the data (Fig. 1), i.e., our method actually predicts
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the previously obtalned eXPerimental LEeSULLS. LiUE CailUiGLivii USihg wes o<s - \_-§'9_ves
values of B,2 close to the correct data of [20], obtained by rescaling the results from [ 20~
23] (Fig. 2).

Let us analyze the different theoretical approaches to the interpretation of the aniso-
tropy of turbulent transfer. N. I. Buleev asserts in his works, for example [23], that the
‘degree of anisotropy of the coefficients of turbulent transfer is determined only by the
~degree of anisotropy of the intensity of velocity pulsations:

|

) 2 .
[532==g ; ﬁm“:%- (16)

[

It is assumed that the macro time scales determining turbulent transfer are the same in all
" directions. It was shown above that this is not always the case, but is valid only when the
real picutre of the motion of separate vortices is ignored.

N. M. Galin proposes in [20] that the anisotropy of transfer is determined by the aniso- ;
tropy of the squares of the spatial hydrodynamic scales:

‘332=(£—:)2.3 ﬁ12=(—%)2- a7

This interaction gives more correct results. However, it requires the construction of some
model for describing Prry.

It follows from calculations using the formulas (14) and (15) that the degree of aniso-
tropy decreases at the same distance from the wall as Re increases. This is consistent with
the well-known fact that for very high Re the turbulence is close to being isotropic and homo-
geneous.

The approach generalized in this paper enabled objective estimation of the behavior of
Pry for flows of different coolants in pipes as a function of Re and over the cross section
of the flow [4] (Fig. 3):

Pr, =2z — %% _ 69 (L)" [1—exp (—0.62-10- Re {/ Pr)]™". (18)

(lT G%rl\

For small values of Re and Pr, the values of Pry can be much greater than one. As Re
and Pr increase, the values of Prr decrease and approach a constant value close to 0.7. The
latest quite numerous and reliable data confirm this behavior, obtained back in 1970. ,

We note that the foregoing approach to the determination of aT shows that the coefficient
of heat transfer can be changed by changing the properties of the exothermic surface, because
the pulsations of the temperature in the coolant flow and in the wall depend on the proper-
ties of the flow and on the properties of the wall (adjoint problem). Because of this mutual
effect, a change should be expected in the spectrum of the temperature pulsations in the flow
and therefore of the integral macro time scale, determining the heat transfer in the flow
accompanying a change, for example, in the thermal conductivity of the wall.

When anisotropic CTHT are used in calculations of the temperature conditions in fuel
elements, located in complicated flow conditions, it is important to determine the orienta-
tion of the principal components of the tensor aT, i.e., the orientations of the principal
axes of anisotropy, along which al assumes extremal values. There are no theoretical sug-
gestions regarding this in the literature. From statistical -studies of pulsations of the
velocity and temperature, however, the following can be asserted quite reliably. The maxi-
mum values of al are observed along the direction of the average flow velocity (this is one ,
of the principal axes); the minimum value of al is observed in the direction of the maximum
gradient of the average velocity; the third axis is the direction along the isotachs. These
directions are mutually perpendicular. When the coordinate axes are rotated relative to the
orientation of the principal axes of anisotropy, the use of a three-dimensional elliptical
law for the variation of aT as a function of the angle of rotation gives good results in the
calculations. ’

Other questions regarding the use of T in calculations of three-dimensional temperature
fields are presented in detail in the references.
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PROMPT NEUTRONS FROM THE LOW-ENERGY FISSION OF ATOMIC NUCLEI

B. F. Gerasimenko and V. A. Rubchenya i » UDC 539.173.84

The characteristics of prompt fission neutrons (PFN) -- spectra, average number of neu-
trons — are important for nuclear reactor calculations. It is necessary to know the charac-
teristics of PFN of various nuclides and the excitation energies, which are very difficult to
measure. The available experimental data [1] are rather limited and inadequate for practical
requirements. In view of this, it is important to develop theoretical methods for calculating
PFN characteristics in order to supply the missing data or to increase the reliability of the
estimates and extrapolations. On the other hand, the study of PFN makes it possible to in-
vestigate the fission of atomic nuclei and the mechanism of the deexcitation of highly excited
states of fragment nuclei with a neutron excess.

Studies show. that the PFN are emitted by the fragment nuclei, and that the probability of
the formation of neutrons in the separation process 1is very small and apparently close to the
probability of the emission of light charged particles in ternary fission. Most of the PFN
are emitted by strongly heated fragments in accordance with the laws of equilibrium statistics.
The so-called isotropic fraction of the PFN in the laboratory coordinate system observed in
[2] may be due to a nonequilibrium mechanism of particle emission. The ratio of the contribu~
tions of equilibrium and nonequilibrium mechanisms is determined by the rate of transformation
of the deformation energy of fragments, in which the main part of their excitation energy is
concentrated, for low-energy fission, into thermal energy. On the basis of the model of the
nonequilibrium mechanism of emission of PFN [3] as a result of a nonadiabatic change of shape
of fragments directly after separation, it can be concluded that the contribution of such
neutrons is <<10% under reasonable assumption of the distribution of the fragment deforma-
tions and the coefficient of viscosity. The characteristic time of emission of neutrons de-
termined by the nonequilibrium mechanism is shorter than the time of acceleration of the frag-
ment nuclei, and therefore the angular distribution of these neutrons is not distorted by the
velocity of the fragments. Separating out the nonequilibrium mechanisms of the emission of
PFN requires detailed calculations of the equilibrium component in order to draw reliable
conclusions about the properties of the nonequilibrium component from a comparison with ex-
perimental data. In addition to taking account of possible mechanisms of the deexcitation of
fragment nuclei, a theoretical analysis must correctly account for the distributions of ex-
citation energy, kinetic energy, charge, and mass. These calculations are made difficult by
the inadequate knowledge of the properties of the fragment nuclei.

Many theoretical calculations of the characteristics of PFN have been performed in the
statistical approximation, but these calculations did not take account of special features
associated with the characteristics of the fission fragments. Analysis [4] showed that agree-
ment of the calculated and experimental values requires a refinement of the description of
the level densities of fragment nuclei and the cross section for the process inverse to the
radiation of a neutron. A simple version of the evaporation model was used in [5] in which
averaging over the distribution of fragment parameters was replaced by averaging over the
triangular distribution of the temperature for two fragments belonging to the light and heavy
groups. Consistent calculations within the framework of the cascade-evaporation model were
performed in [6]. The soundest approach is the use of the Hauser—Feshbach statistical theory
to calculate the characteristics of PFN [7]. We also use this method in the present article,
but with the following differences from [7]: a more accurate account of the cascade nature of
neutron emission, a different method of determining the average excitation energy of the frag-
ments, an expression for the level density which takes account of the shell structure of
nuclei [8]. We present the results of a calculation of the spectra and multiplicity distribu-
tion of PFN for the most important cases, namely the spontaneous fission of 2°3Cf and the
thermal-neutron fission of 233y, '

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 5, pp. 335-339, November, 1985. Original
article submitted October 16, 1984: revision submitted March 21, 1985. ‘
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The integral spectrum of PFN of the compound nucleus of mass number A., charge Z., and
excitation energy Ef is formed from the individual fragments:

N (B, Aey 2oy ) = 2D Y (4,2, Ao, Ze, BY N (E, 4, 7), | (1)

where the Y (A, Z, Acs 2o Eé) are the independent yields of fragments with mass number A and
charge Z, normalized to unity. The energy spectrum of the PFN of individual fragments N (E,
A, Z) consists of two components:

N(E, A, Zy=v,N, (E, A, Z)—}-ded(E A, Z), (2)

where Ng(E, A, Z) is the spectrum of PFN emitted statistically from completely acclerated
fragments, Nq is the spectrum of PFN emitted either from incompletely accelerated fragments
statistically, or as a result of nonequilibrium mechanisms; Vg5 and Vq are the average num-
bers of equilibrium and nonequilibrium PFN from individual fragments, and ¥ (A,Z) = Sg + V4.
When the nonequilibrium component Ng was first discovered it was estimated that it contributed
up to 20% to the integral spectrum [2]. However, the value of V4 has still not been deter-
mined; the latest measurements [9] showed that vq/vV is smaller than estimated in [2]. 1In the
present article we do not consider the nonequilibrium component N3, and assume that the equi-
1ibrium component of the PFN is emitted isotropically from completely accelerated fragments.
In this case the spectrum in the laboratory coordinate system is simply related to the spec-
trum in the center of mass system for a given kinetic energy Eyx of a fragment:

(VE+VE) . .
¥ 4, Z,
VB A Z E=— | 2 (B’VeE ER g, (3)
- * (VE-VE)? !
where Ef = EpA; &g (e, A, Z, Ey) is the PFN spectrum in the center of mass system for a given

Ex, normalized to Vg. In calculating the integral spectrum it is necessary to average over
the Ek.distribution:

Emax

N, (E, A, Z) = S P(A, Z, EQN,(E, A, Z, By dEy. (4)

min
Ex

During the emission of neutrons the initial Ej distribution is distorted as a result of recoil,
but this can be neglected in the approximation we are considering.

The spectrum in the center of mass system is formed as a result of the cascade emission
of neutrons from excited states of fragments with an initial Gaussian distribution of the ex-
citation energy Po (E*, A, Z, Eg):

Po(E*, 4, 2, B =

BB 5
Vzﬂz eXp[ 2}, (4, 7, Ek)]' - )

Here E* is the average excitation energy of a fragment for a given value of Ex, and ogx is
the variance of the E* distribution. The averaging over the distribution (5) must be limited
by the maximum value E;a : o

Etx=E* (A, 7, B} + 305 (A, Z, E). | | (6)

E;ax determines the maximum possible number Vp,zx of neutrons émitted by a given fragment in
accordance with the inequality '

Vma ‘ ' ’

ma‘((A Z Ek 2 '_i+1, Z) <Bn(A—Vn1ax1 Z)» . ’ (7)
where B, (A, Z) is the binding energy of a neutron. In using Eq. (6) the probability of emis-
sion of the vpax-th neutron is <0.01. 1If the distribution of neutron multiplicity W(v) is
normalized to unity, the PFN spectrum in the center of mass system is given by the expression

v—1

e, 4, 7, By= m§ — 2 W @) nyfe) (8)

where n,,(e¢) is the énergy spectrum of the v-th neutron, normalized to unity.
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The energy spectrum of the first neutron is given by the expression

3
Emax

m(e)= § Po(E*, 4,2, Eu(e, B¥, 4, 2)dB¥, 9)

B 4e -

where 9 (e, E*, A, Z) is the probability of the emission of a neutron of kinetic energy ¢ from

a state with excitation energy E*. After the emission of the first neutron the new excitation
energy distribution can be found from the relation

E:;)a‘(
Py (B, A1, 7, B = \ Py (B}, 4, Z)(p( — E*—B,, E}, 4, 2)dE;. (10)
Bn+F*

In a similar way the spectrum of the v—th neutron is given by the expression

-1

Ehax- 2 Bn(4-1, 2)
=l

ny(e) = { Po (B*, A—v 1, Z) g (s, E*, A—v+1, Z)dE*; - (11

Bn(A-v+1, 2)+¢

v-1

- > Bn(A-1i, 2).
. = . .
Py (B A=v1,7)= | Pyo(Bf, A—v+2 2) @B} —E*— B, (A—v+2,2) B},  (12)
. E*+Bn(A~v+2, 7) v ' __v4‘2 Z\dE}.

The multiplicity distribution of the PFN for FY/Fn~i_1 is given by the relations

Bn(z«!,Z)
W (0) = é Py (E*, A, Z) dE*; 13)
Bn(A:l,Z)
W (1) = [1—w ()] (5) P (E*, A—1, Z) dE*; (14)
TBn(A=v,2) - e :
W (v) = [1— Z W ( z)] 5 P (E*, A—w, Z) dE* (15)
i=0 0

The probability of the emission of a neutron, taking account of the distribution of states of
the compound nucleus with spin I, can be written in the form

(e, B% A, 2y= o (I, E*, 4, Z) L (6, 4, 2, E*. 1) (16)
. T r;(A,z,E*,Iy+I@(A,z,E*,1\’

. where Fﬁ and Ft‘are the total neutron and radiation widths, and w(I, E*,-A, 2) is the spin
distribution function. The partial neutron width is given by the expression

T, (¢ A, Z, E*, I) =X plE*—B,(4,Z)—e, A—1,Z, 1’112 T, ;(e), , (17)
T 1

where p is the level density of the compound nucleus, and the T7j (e) are the sticking coef-
ficients of neutrons. The total radiation width is calculated with the formula

E*

(A, Z, B4 D) = | U S T, (B —0, 1Y p U, 4, 2, 1), (18
' 0 r ,

where T, is the sticking coefficient of gamma quanta. The total neutron width is obtained by
integrating the partial width (17) over the excitatiom energy of the daughter nucleus.

The level density p was calculated with the formula in [8] which tékes account of the
effect of nucleon shells and pair correlations. The spin distribution in Eq. (16) was taken
the same as that for the level density [8]. . The coefficients TZ were calculated with the

optical model, using the potential parameters from [10], and the TY were calculated by as-
suming dipole gamma radiation [11].
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Fig. 2. Calculated integral and experimental PFN spectra for the
thermal-neutron fission of 3350 relative to the Maxwellian spec-

trum with T = 1.31 MeV: X, @) experiment [18], [19];
calculation: —-—) calculated in [5].

Fig. 3. Multiplicity distribution of PFN for the

) our

spontaneous fission of 2°2Cf (m, calculated, ¢ , experi-

ment [22]);

) Gaussian distribution with calculated

0y and the thermal-neutron fission of *3°U (3, calcu-
lated, O, experiment [22]); ---) Gaussian distribution
with calculated Oy, V) average number of PFN per fis-

sion,

The average value of the excitation energy of a fragment in Eq.
tional to the average multiplicity of the PFN:

E*(A, Z, Ey)=v (4, Z, E)(En+€+8)+3 /2,

(5) was taken'propor-

(19)

where U and € are the average values of the number and kinetic energy of PFN, which for the
calculations were taken from experimental data, Bn and § are the cascade average values of
the binding energy of a neutron and the correction for parity in the semiempirical mass for-
mula. In this determination of E* the calculated values of UV agree with the experimental
values within the limits of error of the measurements. If the experimental values of the
varlance of the excitation energy opx were known, they were used in the calculations; other-
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wise the variance of the excitation energy of the fragment pairs was determined from the
relations
2: 0%'* (AH7 ZH’ —:}1) + 0%‘* (ALa ZL1 E‘Ll’();
0+ (Apy Zy, Ey)/ogs (Ap, 2y, Ek) EY/E%, : (20)
where o is the variance of the kinetic energy of a fragment pair, and EE and E& are. the aver-
age values-of the kinetic energy of the fragments. '

The multiplicity distribution of neutrons for a fragment pair was calculated by assuming
the statistical independence of neutron emission from fragment pairs, since the correlation
coefficients derived in [12] are small:

P,(v)= Wmv,) Wi (v—vy). (21)

The total multiplicity distribution P (v) per fission was determined by using its average

over the mass distribution in a manner similar to Eq. (1).

Since the results of the calculation depend on the choice of the necessary model parame-

" ters,. we performed calculations to determine the effect of the parameters used on various
_characteristics of the PFN. 1In [13] PFN spectra calculated in the center of mass system were
- compared with experimental values for separate fragment masses and kinetic energies, which-

showed that within the limits of experimental error the model considered describes the PFN
spectra without the nonequilibrium component. Calculations [14] showed that the probability
of the emission of neutrons with E > 10 MeV depends strongly on the variation of the parame-
ters of the initial distribution of the excitation energy of the fragments (5). For example,
a change of the average value of the excitation energy of a fragment by * 1 MeV leads to a

‘change of the probability of the emission of fragments with E = 10 MeV by ~ +30%. But since

the uncertainty of the input parameters has a random character, the average over many frag-
ments in the calculation of the integral spectrum decreases the error of the fimal result.

To shorten the machine time for the calculation of the PFN integral spectrum, the averag-
ing over the distribution of the kinetic energy of the fragments was replaced by selecting
the parameters of the initial excitation energy distribution corresponding to Ej (Fig. 1).
The average values of the kinetic energy of the fragments Ek, the number of neutrons, and
their energy € in the center of mass system were taken from [17], and the variance 02 of the
kinetic energy of a fragment pair and the excitation energy of the light fragment were taken
from [12]., The variance of the excitation energy of the heavy fragment was determined from
the first of Eqs. (20). Figure 1 shows that the theoretical spectrum is below the Maxwellian
for E < 0.5 MeV and E > 5 MeV, but within the limits of error of the measurements it describes
the experimental results well. We extended our. calculations to lower neutron energies, and
found them closer to the experimental data than [15]. The results for the thermal—neutron
fission of 2®°U are shown in Fig. 2. The necessary input data for Ek and o? were taken from
[20], and V(A, Z) was taken from [21]. The variance of the excitation energy of the fragments
was determined from Eq. (20). Our calculations agree with the results in [5], but give a
better description of the experimental data for PFN energies from 10 keV to 10 MeV. The fact

‘that the theoretical spectrum is above the Maxwellian for energies > 10 MeV is apparently due

to the uncertainty of the input data. Using the same input parameters, we calculated -the
multiplicity distributions of PFN for the spontaneous fission of ?°2Cf and the thermal-neutron
fission of 2°°U (Fig. 3), and compared them with the experimental data [22]. The calculated
distributions of the multiplicity of PFN are well described by Gaussian distributions with

05 = 1.46 for the spontaneous fission of *®2Cf, and o2 = 1.23 for the thermal-neutron fission
of 233y,

A comparison with experimental data shows that the calculation of the characteristics of
PFN within the framework of the Hauser—Feshbach model of the emission of neutrons from com-
pletely accelerated fragments gives a good description of the PFN spectra for E < 15 MeV.
The increased neutron yeild for E > 20 MeV observed in [23] is not explained in the statisti--
cal model under the usual assumptions of the characteristics of fission fragments. Within
the framework of the method described it is possible to calculate the characteristics of PFN
from the low-energy fission of nuclei, when the lifetime of excited fragments is longer than
their acceleration time. A comparison of our calculations of PFN spectra with those calcu-
lated in [5, 6] by simplified methods, shows that all three calculations give nearly the same
result, but the Hauser—Feshbach statistical method is more general, and permits more reliable
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exXtrapuidllun UL the CalCuldrlons LOr & GlIIErent excltatlon energy or tne rissioning nuclei
and to other nuclei. The method described in the present article permits the calculation of
differential characteristics to ascertain the role of the nonequilibrium mechanism of the
emlssion of PFN, ‘
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MEASUREMENT OF THE FAST-NEUTRON FISSION CROSS SECTIONS OF *°'Pa
AND 2“3Am

B. I. qusbv, E. Yu. Baranov, ' : UDC 539.173.84
M. P. Klemyshev, B. F. Samylin, '
G. N. Smirenkin, and Yu. M. Turchin

We have measured the fission cross section ratios 2*'Pa/?*3®Pu and *“3Am/?°°Pu in the
energy range E, = 0.135-7.4 MeV by the method described in [1]. We felt it urgent to measure
the *“?Am fission cross section because of the considerable (up to 30%) divergence of the
results in [2-6] in the "plateau™ region (E, = 2-5 MeV). Detailed measurements of the energy
dependence of the *3'Pa fission cross section were made in [7] with high resolution. for neu-
tron energies from 0.1 to 10 MeV. These data, normalized to the results in [8], differ sub-
stantially from earlier data of other experimenters in magnitude and in the shape of the
energy dependence.. '

The measurements were performed with neutrons from the ’Li (p, n) 'Be, T (p, n) °He, and

"D (d, n) ®He reactions at electrostatic accelerators. Solid targets of lithium fluoride or

scandium hydride were used. TFission fragments were recorded by an ionization chamber. The
fission cross section ratios 231?3/”’1’& and *“Am/*®°Pu were measured simultaneously by
using two back-to-back ionization chambers. Layers of *?®Pu, 2°'Pa, and *“Am oxides were
deposited on aluminum and platinum (Pa) backings of diameter 12 (Am/Pu) and 15 mm (Pa/Pu).
The layer thicknesses were, respectively, 220, 212, and 129 ug/cm®. The isotopic purity was
100% for *°'Pa, 99.891% (0.109% *“°Pu) for *°°Pu, and 97.3 * 0.1% (2.7% *“*Am) for 243Am. -
The last sample contained additional small admixtures of *“*Cm (8.5 x 10~%%) and 2““Cm

(9.1 x 107%%), which determined the spontaneous fission background. The spontaneous fission
rate was measured with an error of 0.47%, determined from the scatter of results during the
whole period of operation at the accelerators. The spontaneous fission in the layer of 2“°aAm
contributed up to 407% of the total number of fissions for Ep = 135 keV, but not over 1-2% for
Enp > 1 MeV. '

The ratio of the numbers of fissile nuclei in the layers was determined by comparing
their alpha activities in '"good" geometry with a surface barrier semiconductor detector. The
values of the half-lives in years were taken from [9]: 22°Pu, 24110 + 30; 23'Pa, 32760 + 110; .
2%3Am, 7380 + 40. The total error of the determination of the ratio of the numbers of fissile
nuclei was: 22'Pa/??°pu, 0.9%; 2“3Am/2°°Pu, 1%, including the uncertainties in the alpha de-
cay constants. The efficiency of recording fission fragments was estimated by extrapolating
the amplitude spectra to a zero level of discrimination. The efficiency was 92% for 22'Ppa,
98% for *“3Am, and 97.5% for 2°°pu. - ‘

v The estimates of the efficiency of recording fission fragments for neutron energies of 2
and 2.5 MeV were checked by measuring the ratios of the fission cross sections with cylindri-
cal glass detectors [1]. In this case the efficiency of recording fragments is determined by
geometrical factors which were maintained identical to a high degree of accuracy. A small
correction for the dependence of the recording efficiency on the angular anisotropy of the
figsion fragments was introduced by taking account of the values of the anisotropy obtained
in the same experiment. For Ep = 2 MeV, W (0°)/W(90°) = 1,133 + 0.010 for 23°Pu; 1.067 *
0.013 for 23'pa; 1.123£0.011 for *“%Am. For Ep = 2.5 MeV, W (0°)/W (90°) = 1.144 t 0.012 for
23%pu; 1.099 * 0.010 for **'Pa; 1.120 + 0.014 for 2“Am.

: The values of the fission cross section ratios measured by the two methods agreed to

within 1% for *°'Pa/?®°Pu, and within 0.9% for *“3Am/?°°Pu. These uncertainties were taken
as the error of the determination of the ratio of the ionization chamber efficiencies. The
energy dependence of the efficiency associated with the change in the fraction of fragments

absorbed in the fissile layer was taken into account by a small calculated correction (0.3-
1.27%). '

Translated from Atomnaya ﬁnergiya, Vol, 59, No. 5, pp. 339-343, November, 1985. Original arti-
cle submitted January 25, 1985. h ’ ’
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TABLE 1. Results of Measurement of Fission Cross Section Ratios

E,, MeV AEn,keVI s1g/3%¢g [ A3lgf%g, 9 ‘ 13g [38g ! At3g/3%q, % 390}"’ b May, | 430, b
0,135 32 0,0036 5,3 0,0063 7,5 1,552 - 0,0056 0,0098
0,175 30 0,0087 5,1 0,0065 6,8 1,507 0,013 0,0098
0,215 28 ,0090 5,2 0,0073 6,6 1,503 0,0135 0,0110
0,255 26 0,0082 5,8 0,0093 6,4 1,522 0,0125 0,0142
0,305 2% 0,0296 4,7 0,0102 6,2 1,549 0,0458 0,0158
0,350 49 0,0363 3,4 0,0118 a1 1,564 0,0568 0,0184
0,400 46 - 0,041g 4,0 0,0135 3,6 1,573 0,0654 0,0212
0,450 44 0,0858 3,7 0,0169 . 3,4 1,581 0,136 0,0267
0,500 43 0,193 2,4 0,0242 3,0 1,590 0,307 0,0385 -
0,550 44 0,270 2,3 0,0346 2,9 1,601 0,432 0,0554
0,600 ‘40 0,253 2,2 0,0465 2,8 1,612 0,408 0,0750
0,650 39 0,252 2,1 0,0642 2,8 1,618 0,408 0,104
0,700 38 0,272 2,0 0,0962 2,6 1,638 0,446 0,158
0,750 38 0,299 2,1 0,138 2,8 1,681 0,503 0,232
0,800 37 0,376 2,0 0,193 2,3 1,717 0,646 0,331
0,850 36 0,456 | 0,263 2,2 1,718 0,782 0,451
- 0,900 36 0,459 2,1 0,365 2,4 1,705 0,782 0,622
0,950 36 0,460 2,0 0,466 2,2 1,710 0,787 0,797
1,00 35 0,468 1,9 0,572 2,0 1,724 0,807 - 0,986
1,05 35 0,483 1,9 0,642 2,1 1,736 0,838 1,114
1,10 35 0,496 1,9 0,687 2,0 1,754 0,870 1,205
1,15 35 0,493 1,8 0,717 2,0 1,784 0,880 1,279
1,20 35 0,505 1,8 0,729 1,9 1,817 0,918 1,325
1,25 35 0,512 1,8 0,725 1,9 1,848 0,946 1,340
1,30 35 0,516 1,8 0,734 1,9 1,876 0,968 1,377
1,35 35 0,515 1,8 0,736 1,8 1,903 0,980 1,401
1,40 36 0,518 1,8 0,740 1,8 1,924 0,997 1,424
1,45 36 0,520 1,8 0,742 1,8 1,935 1,006 1,436
1,50 36 0,533 1,8 0,739 1,7 1,939 1,033 1,433
1,60 75 0,549 1,8 0,729 1,7 1,933 1,061 1,409
1,70 74 0,573 1,7 0,721 1,6 1,934 1,108 1,39
1,80 73 0,582 1,7 0,716 1,6 1,949 1,134 1,395
1,90. 72 0,586 1,7 0,722 1,7 1,959 1,148 1,414
2,00 71 0,591 1,7 0,729 1,6 1,963 1,160 1,431
2,10 70 0,588 1,7 0,740 1,7 1,962 1,154 1,452
2,20 69 0,595 1,7 0,740 1,7 1,953 1,162 1,445
2,30 68 0,598 1,7 0,754 1,7 1,938 1,159 1,461
2,40 68 0,596 1,7 0,760 1,7 1,917 1,142 1,457
2,50 67 0,596 1,7 0,769 - 1,7 1,898 1,131 1,459
2,60 66 0,596 1,7 0,765 1,7 1,884 1,123 1,441
2,70 66 0,591 1,7 0,773 1,7 1,874 1,108 1,449
2,80 65 0,592 1,7 0,776 1,7 1,864 1,103 1,446
2,90 65 0,589 1,8 0,780 1,7 1,854 1,002 1,446
3,00 65 0,580 1,7 0,779 1,8 1,844 1,070 1,436
3,10 65 0,575 1,8 0,781 1,8 1,833 . 1,054 1,432
3,20 65 C,572 1,8 0,787 1,8 1,823 1,043 1,435
3,30 65 0,573 1,8 0,787 1,7 1,817 1,041 1,430
3,40 66 0,569 1,8 0,792 1,8 1,812 1,031 ] 1,435
3,50 66 0,572 1,9 0,794 1,8 1,801 1,030 1,430
3,60 66 0,572 1,9 0,800 1,8 1,783 1,020 1,426
3,80 240 0,570 1,9 0,813 1,7 1,756 1,001 1,428
4,00 174 0,569 1,8 0,819 1,6 1,739 (4,989 1,424
4,20 161 0,565 1,8 0,822 1,7 1,732 0,978 1,424
4,40 142 0,560 1,8 0,829 1,7 1,723 0,965 1,428
4,60 133 0,558 1,8 0,832 1,7 1,709 0,954 1,422
4,80 118 0,559 1,9 0,847 1,7 1,690 0,945 1,431
5,00 112 0,553 1,9 0,855 1,8 1,673 0,925 1,430
5,20 106 0,546 2,0 0,858 1,8 1,667 0,910 1,430
5,40 104 0,533 2,0 0,866 1,8 1,669 0,890 1,445
5,60 102 0,512 2,0 0,857 1,9 1,684 0,862 1,443
5,80 125 0,516 2,1 0,845 2,1 1,724 0,890 1,457
6,C0 122 0,565 2,3 0,834 2,2 1,786 1,001 1,489
6,20 120 0,632 2,5 0,870 2,3 1,864 1,178 1,622
6,40 117 0,674 2,4 0,919 2,4 1,937 1,306 1,780
6,60 116 0,718 2,9 0,929 2,4 1,992 1,430 1,851
6,80 116 0,755 2,5 0,952 2,4 2,023 1,527 1,926
7,00 117 0,809 2,6 0,959 2,5 2,075 1,679 1,990
7,20 118 0,831 2,8 0,974 2,6 2,123 1,764 2,068
7,40 119 0,866 2,8 0,980 2,6 2,169 1,878 2,126
239

*Reference values of o¢ for
resolution.

Pu were taken from ENDF/B V, averaged over the energy

The components of the neutron background were measured experimentally as described in
[1]. The correction for neutron scattering from the accelerator target reached 5-7% in the

subthreshold region (E, = 0.135-1 MeV), but did not exceed 0.3-1.8% for En > 1.5 MeV. Taking

account of the background in the laboratory led to a 0.4% correction of the cross section
ratio for 2“3Am/?°°Pu, and 0.7% for ***Pa/?®°Pu. The background of the concomitant (d, n)
reactions reached 35% for 7.4 MeV. The related correction of the fission cross section ratios
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TABLE 2. Corrections and Errors of the

Measurement of Fission Cross Section
Ratios for an Energy of 2.5 MeV, %

231Pa 239Py 243 A [239Py
Source of correctidns cor- cor-

and errors - rec- lerror |rec- |error
tion . tion |.

Measurement of ratio of — 0,9. — 1,0
numbers of fissile
nuclei by a comparison
of alpha activities

Determination of ratio
of efficiencies of re-
cording fission frag-
ments

Difference of neutron o
fluxes through fissile 1,4 0.5 2,1 0.5
layers

Systematic part of 1.4
error !

Statistical error —_ 0,4 | —
Allowance for spon- I i 0,4 1<
taneous fission - . . .
| Fission of isotopes of <0.1}<0,1 | 3,4 0,3
| admixtures
Energy dependence of 0,81 0,3 1061 0,3
ratio of fission
chamber efficiencies
Neutron background in u,7 0,2 0,4 0,2
laboratory
Background of neutrons 0,6 0,2 0,8 0,3
scattered from target
Inelastic scattering — 0,5 — 0,5
of neutrons
Background of neutrons 2,
accompanying (p, n)
reactions

Y
o
(8
ot

Error of energy dependence 0,9 1,0

Total error - . 1,7 4,7
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Fig. 1. Fast-neutron fission cross section of 23!Pa: a) subbar-~
rier region b) plateauregion;- ®) our results; O) [10]; —---) data
averaged over many values [7]. ’ '

in the range 3.8-7.4 MeV was 0.2-11.4%. The analogous correction for (p, n) reactions in the
range 2-3.6 MeV was 0.3-4.9%. We did not introduce separate corrections for the inelastic
scattering of neutrons from the detector walls, backings, and the electrodes of the ionization
chamber, but included an upper estimate (0.5%) of the possible effect in the total error..

The results of the measurements are listed in Table 1. The total error shown is the-
rms sum of all the uncertainties determined. Table 2 shows the structure of the characteris-
tic corrections and errors of the measurements performed at 2.5 MeV. The systematic part of
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Fig. 2. Fast-neutron fission cross section of *“%Am
®) our results; A) [2]; O) [3]; ---) [11].

the error (1.4%) correlated with the whole energy range studied, and the error due to the un-
certainty of the energy dependence (0.9 and 1%) are separated from the total error. The total
error of the results is 1.7-2% in the range 1-5.6 MeV, 2,6-2.8% at 7.4 MeV as a result of cor-
rections for the background of the (d, n) reactions, and 6-7.5% for E, < 0.3 MeV because of
the worsening of the statistical accuracy of the measurements, taking account of the sponta-
neous fission of 2“®Am and the introduction of the maximum corrections for neutron scattering.

To compare the experimental results obtained we calculated the 2“3Am and 2%'Pa fission
cross sections from the values of the ratios by using the 23°Pu fission cross sections from
ENDF/B V averaged over the energy resolution.

Figure 1 compares our measured values of the ?2'Pa fission cross section with data of
other experimenters. Our data are in good agreement with those of [7] in absolute value and
in the shape of the energy dependence over the whole range E, > 1.5 MeV, which also confirms
agreement with the results in [8], in terms of which the data in [7] were normalized. The
appreciable divergences in the subbarrier region are accounted for by the large difference in
energy resolution.

_ The results obtained for the shape of the energy dependence agree with those in [10],
but the latter are 10-157% higher.

Figure 2 shows the 2“°Am fission cross section. Our results agree with those in
{37 in magnitude and in the shape of the energy dependence. The data in [2] are 15-20%
higher than our wvalues, but agree well with them in the shape of the energy depen-
dence. A certain decrease of the divergence for Ep > 6 MeV may be related to a difference in
the standards used: 22°Pu in our work, 2®°U in [2, 3, 6, 7]. Our value of the *“3Am fission
cross section is lower than that in [2], but it agrees w1th the estimate of the cross section
in the plateau region (1.411 * 0.067) b [6]. For E, < 250 keV our results agree with those
in [11] within the limits of combined errors.

The authors thank B. F., Myasoedov and L. A. Ivanovaya for assistance in the work, and
S. E. Lavrov and V. I. Ivanov for help in preparing the fissile layers.
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MEASUREMENT OF THE MEAN-ENERGY DIFFERENCES IN THE FISSION-NEUTRON SPECTRA
OF 223y, 235y, 23%p,  aND 2%2%cf
> ? H

V. I. Vol'shov and G. N. Smirenkin | - | ~ UDC 539.173.84

There are some inconsistencies among studies on the fission-neutron spectra of the prin-
cipal nuclides, involving the spectrum shape and characteristic parameters, and primarily the
mean spectrum energy E. The discrepancies stem from experimental systematic errors which are
difficult to take into account, but which, as a review of [1] and [2] shows, can largely be
eliminated by relative measurements. Although this approach has been used earlier, it became
well established in recent years when the spontaneous-fission spectrum of *°?Cf was adopted
as a standard for fast-neutron spectra [3] thanks to the high-accuracy data compiled from the
measurement results of various research groups. A fission-neutron spectrum can obviously be
obtained with greater ease and reliability by reference to such a standard than by means of
absolute measurements. As a case in point, consider the determination of the mean spectrum
energy E.

Experimental data on fission-neutron spectra are commonly described by Maxwell's dis-
tribution

N(E,6)=2(ﬂ%3)uze>tp(~%—), (L

where the temperature 6 and the mean energy are related by E = 3/2 8.

In the spontaneous fission of 253cf. B = 1.42 MeV and E = 2.13 MeV [3]. The logarithm
of the ratio between the standard and the studied spectrum is a linear function of the neu-
trons, i.e., ' ,
N (E, 0) (2)

e = (0 0+ 0, 0) E.

8~* — 05', it is possible to determine the desired parameter
69 - 6, viz.,

Given the coefficient b(6, 8o)
or the parameter difference A&

8, b3 : (3)
0= «uf-obe0 s A8= 150, ’

TABLE 1. Calculated Values ofbb(e, 86), A8, and AE

2337] . 2351 239Py

Series b0, o) A, AE, 50, 0). | Ao keV AR, b (8, Bo) | Ag keV AE,
. - - + - - ’ 2
mevl1072| KV | keV fnevTlio?) " keV | MevTh1072 keV

5,974+0,41 | 1124-8 | 168+12 | 2,954-0,40 | 594-9 88414
5,914-0,42 | 1118 | 16612 | 2,89+0,40 | 5849 87414
| 5,74+0,42 | 108+8 | 162+12 { 2,254-0,40 | 468 | 69+12

I — — —

B o - - 5,51£0,44 | 1049 | 15614 | 2,09£0,48 | 43410 | 84215

111 4;100,72 |. 80414 | 1204-22 | 6,26£0,99 | 117418 | 175427 | 2,152-0,58 | 44412 | 66418

(stilbene) %,045-0,74 | 7915 | 11923 | 6,20+1,13 | 11620 | 174+30 | 2,20+0,58 | 42+12-| 6318

oI 3,54--0,83 | 7016 [1054-24 | 5,804-0,82 | 109415 | 164+22 | 1,62+4-0,63 | 3413 | 54420
(anthracene) :

‘Mean-veighted value . 8014 | 120422 o 11065 | 16548 B 5146 | 769

79415 | 1194-23 10845 | 16248 49j;6 7449

Note. The energy interval in the numerator is 1~10.5 MeV, and in the denominator
1-8 MeV; for series III the interval is 1-6.5 MeV.

Translated from Atomnaya Energiya, Vol 59, No. 5, pp. 343-345, November, 1985. Original
artlcle submitted February 1, 1985. : :
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Fig. 1. Measurement results for series I and II
combined (a) and series III (b): experimental data
for *°°U (A), *°°U (@), and *°°Pu (m); the lines
represent the experimental data plotted from (2) by
the least-squares method.

TABLE 2, Comparison of Published Values

of AE = Eo — E, keV, for Eo = 2.13 MeV

Reference 2437 2350 239py
This study 11923 16248 749
11 : 1142-1Y 184412 58+18
2] 12330 157424 76429
ENDYF/B V {3] 56,9 99,2 18,0
BNAB — 178 [8] 153 160 107

Note. The energy interval is 1-8 MeV, and
for 22°pu [2], 1-10 MeV.

where
AB/8, = b8y < 1. 4)
When N(E, 6) is measured directly, the entire energy calibration error SE/E figures in

cq . . : A0 O .
the error 66/6, while if the spectrum ratio is measured, the much smaller quantity o 7 is in-
. o n

volved, as follows from (2) and (4). In relative measurements it is not necessary to know

the efficiency of the neutron detector used to determine N(E, 6), and it is easy to take al-
ternate readings of the studied and standard spectra in order to suppress the effects of any
instability in the recording equipment.

We applied this technique for a number of years to the measurement of neutron spectra in :
the low-energy fission of 2°°U, 22U, and 2°°Pu and in the spontaneous fission of **2Cf, using
a gamma-discriminating single-crystal scintillation spectrometer. Some of the results were
published in the form of N(E, 6) spectra [4, 5]. This article gives the cumulative data, pro-
cessed by means of (2) and (3). - ‘ ; ¥

The principle of single-crystal fast-neutron spectrometry is described in detail in [4-.
6]. We consequently discuss here only specific features of the different experiments, which
have been designated as measurement series I, II, and III. The measuréments in series I were
made on *2%U, 2°°Pu, and the standard, using an electrostatic gemerator [4]. Metal disks of
1-mm *®*U and 2°°Pu were placed within a fairly narrow solid angle aligned with a neutron
beam whose energy was chosen close to the (p, n) reaction threshold, in order to achieve
kinematic collimation of the neutrons. A stilbene detector was placed in the rear hemisphere,
which received only the fission neutrons and the beam neutrons (E < 80-100 keV) scattered by
the test samples, the target, and the room walls. Further measurements were carried out in a
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similar setup, using a neutron generator (series LlL). The tests in series III included the
fission-neutron spectrum of *°°U in addition to the above nuclei. The measurements were made
using the thermal-neutron beam of a BR-10 reactor with crystals of stilbene (E << 11 MeV) and
anthracene ( E < 6.5 MeV) [5].

The energy calibration of the spectrometers consisted essentially of determining the
light yield as a function of the neutron eniergy; this was done by using monoenergetic neutrons
in the range E = 1-17MeV [5]. The crystals employed in the experiments were 30 mm in diameter
and" 30 mm high for stilbene, and 30 mm in diameter and 20 mm high for anthracene.

The spectrometricelly recorded recoil-neutron energy (Ep) distribution

o €))
N(E,)=C S N (E, 8) P (E,, E) dE
Ep

was processed to obtain the neutron spectrum N(E, 6), either by solving Eq. (5) with a real
11ne P(Ep, 8) or by straightforward differentiation with the line in step form, i.e.,

P(L‘],,E)_{( ;’{ e\p[ Z, F)h]} for E,<FE;

L 0 for E,>E,

the results being similar in both cases [4]. The values given in this paper were obtained by
the second, simpler, method for all the measurement series. Figure 1 shows the logarithm of
the ratio between the standard and studied spectra. For the sake of compactness (to make the
lines pass through the origin), the experimental data are represented with the ordinates
plotted as 1n N (E, 80)/N(E, 6) —a (8, 6o). The slope of the lines, given by b{(6, 6,), de-
fines the difference of the parameters 8, and thus the mean-energy difference in the spectra
under comparison.

Table I lists the values calculated for all the series. FEach series combines several
measurements of N(E, 6) and N(E, 8o) in fairly close agreement; the differences A8 = 8, — 6
were calculated from (3). Some small neutron-multiplication corrections were introduced in
A8, according to the relationship between & (or E) and the mean fission-neutron yield as
given by Terrell [7]. The delayed-neutron contribution in the recorded distributions (above
1 MeV) was neglected. The measurement results obtained in different years under different
conditions are in good agreement. We note that the parameter error fits well the counting
statistics in the different series (between 2.10° and 107 events), and that there is no sta~
tistically significant variation of the parameters with the energy-interval width AE. The
final result does not contain any appreciable systematic errors due either to possible de-
viations of the actual spectra from distribution (1) or to the characteristics of the pro-
cedure employed (Table 2).

The results of [1] and [2] are in good agreement, and they differ appreciably from the
parameters in ENDF/B V and BNAB—78, In ENDF/B V the values for AE are understated, though
they fit the variations observed among the nuclei. In BNAB—78 the value of E is determined
from Terrell's semiempirical formula, which involves the parameter v alone. This is a highly
simplified representation of E(z, A), and it should not be used in a well-designed study.
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STUDY OF THE CHANGES IN THE ELECTRICAL RESISTIVITY AND MICROHARDNESS
OF VANADIUM AND NIOBIUM UNDER SEPARATE AND SUCCESSIVE IRRADIATION
WITH NEUTRONS, o-PARTICLES, AND. ELECTRONS '

P. K. Khabibullaev, T. B. Ashrapov, o UDC 621.039.539

A, K. Kakabadze, I. M. Neklyudov
V. N. Tkach, A. I. Fedorenko,
Kh. R. Yunusov, and V. A. Yamnitskii

In a fusion reactor the material surrounding the plasma is under the action of deuterium,

tritium, and helium ions, neutral atoms, neutrons, and ''runaway" electrons (E = 0.5-1. .
The interaction of particle fluxes from the plasma with the materials of the first wall, limi-

5 MeV).

ter, shields, and other units inside the discharge chamber leads to radiation damage in them.

Model studies carried out over the past two decades to ascertain how each of the corpus-

cular radiations emitted by a thermonuclear plasma affects the materials have provided

con-

siderable information about the coefficients and mechanisms of radiation erosion as well as
the changes in the structure and properties of promising structural materials for fusion re-
actors. Under the actual conditions of power reactors, the structural materials will be ir-
.radiated by all forms of plasma emission almost simultaneously (the intensity of the fluxes
of some forms of radiations, in particular "runaway' electrons, will have peak values at the

beginning and end of the plasma discharge). As a consequence of synergism the integra

ted

interaction of the corpuscular radiations of the plasma on the structural material of the

discharge chamber can differ significantly from the simple sum of the interactioms of
individual radiations [1].

In view of this it seems desirable to study the influence of irradiation with one
of corpuscular emission on the radiation damage caused in material irradiated with ano
form (or other forms) of emission. As the objects for our study we chose vanadium and

bium, whose vulnerability to radiation damage was estimated by meaSurlng the electrical resis- .

tivity and microhardness.

the

form
ther
nio-

Single~crystal specimens of vanadium and niobium were cut by the electrospark method
from ingots grown by electron-beam zone refining in a vacuum. The mass fractions of gaseous

TABLE 1. Changes in the Characteristics
of Niobium and Vanadium After Irradiation

0, <,
Type of AP, % AH, %
irradiation v Nb v Nb

Neutrons# 121,6 183,3 | 14,6 35,0
a-particlest 163,6 233,3 38,2 50,0
Neutrons A 195,4 283,3 51,7 75,0

a-particles
Neutrons + 9,0 33,3 4,5 3,75

o-particles + .

electrons *

*¢ = 1.10*' cm™2, E= 0.18 MeV.

+E = 0.5-32 MeV, ¢ = 1:10*7 cm™? for each
energy.

iE = 1.5 MeV, W = 2.4 MeV.cm™2, N = 1000.

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 5, pp. 345-348, November, 1985.
article submitted March 11, 1984.
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| 1
200 400 - 600 124 7000 - 7200
Annealing temp., °C

Fig. 1. Annealing-temperature dependence of the micro-
hardness  (a) and electrical resistivity (b) of vanadium
(black symbols) and niobium (white symbols) single crys-
tals irradiated at 200°C separately and successively
with a-particles, neutrons (n°), and electrons (e”): e,
O n®+ o;mw,0) 0; 0, A) n°;4,0) n® +a + e,

impurities in the single crystalswere (in %): oxygen 0.008, hydrogen 0.0008, and carbon 0.015.
From the Laue back-reflection patterns we established that the misorientation of the blocks
of the mosaic did not exceed 10'. The vanadium and niobium specimens were disks of orienta-
tion (112) and (110), diameter 12 and 18 mm, and thickness 0.5 and 0.3 mm, respectively. The
specimens were first treated mechanically and electrochemlcally (surface roughness 0.5 pm)
and were then annealed in a vacuum at 1200°C for 1 h.

The irradiation was carried out at 200°C in three ways: separately in the VVR-SM reac-
tor to a thermal-neutron fluence of 5.08:10%' cm™? and fast-neutron flux of 1:102! em™? (E>
0.18 MeV); separately in a flux of accelerated a-particles to a fluence of 1-10'7 cm™? for
each value of energy in the £SU-2 accelerator (E = 0.5-1,5 MeV in intervals of 0.2-0.3 MeV)
and then in a U-150-2 cyclotron (E = 2.0-40 MeV .in intervals of 1.5-3 MeV); and successively
vanadium and niobium were irradiated with a-particles, as in the second method, then with
neutrons, as in the first method, and finally with electrons in the ELIT-1.5 accelerator
(E = 1.5 MeV, energy release per pulse W= 2.4 MW.cm™?, Tp = 3 usec, pulse-duty factor 1 Hz,
and number of pulses N = 1000).

To anneal the radiation-induced defects and to re-establish the properties of the mate-
rial after each formof irradiation the specimens were heated in a vacuum t6 1200°Cwith 100°C in-
tervals in1h., Aftereach of the forms of treatment (irradiation or annealing) we measured the elec—
trical resistivity by the potentiometric method at room temperature and the microhardness on a PMT-3
instrument. The measuring accuracy was 0.1 and 3%, respectively. The irradiation conditionms,
the measuring procedure, and the results of the separate irradiations of the materials with
neutrons, a-particles, and electrons were presented earlier in [2-4].

The distributions of the displaced and interstitial helium atoms after vanadium and nio-
bium were bombarded with reactor neutrons and with- a-particles were calculated on a BESM-6
computer using the IMITATOR program [5] while the temperature of the vanadium and niobium
during high-power pulsed electron bombardment was estlmated computationally with the aid of
the’ KASKAD program [6].
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increase in their electrical resistivity (Ap) and microhardness (AG) (see Table 1). 1In the
case of successive irradiation, first with a-particles and then with neutrons, the electrical
resistivity increases by a factor of 1.2-1.5 and the microhardness increases by a factor of
1.5-3 in comparison with the effects of separate irradiation. Subsequent pulsed irradiation
of the same specimens with electrons leads to a decrease in the electrical resistivity and
microhardness to levels 9-~30% and 5%, respectively, above the initial levels (prior to ir-
radiation). When specimens that have been irradiated separately and successively are an-
nealed to 1200°C the same effect is observed (see Fig. 1) while in the case of annealing in
the range 120-300°C the microhardness is observed to increase further above its value after
irradiation.

The irradiation of vanadium and niobium single-crystals with neutrons and a-particles
leads to the formation of various types of primary-damage zones, whose number, size, con-
figuration, and relative position are determined by the irradiation conditions (type, energy,
and fluence of particles and temperature, structure, and properties of the material). Neu-
tron irradiation led to the formation of radiation damage, which amounted to 3 displacements
per atom for vanadium and 2.5 displacements per atom for niobium.

In contrast to neutron bombardment, which produces in the bulk of the material a fairly
uniform distribution of the primary-damage zones, bombardment with a-particles produced zones of
primary damage and increased concentration of interstitial heliumonly at the end of the particle
range. Consequently, discrete bombardment of vanadium and niobiumwith batches (up to 10*7 em—2) of
accelerated a-particles with an energy of 0.5-40 MeV at intervals of 2-3 MeV was used to obtain a
uniform distribution of radiation defects and helium in the bulk of the material. This led to prac-
tically the entire bulk of the irradiated specimens being overlapped by zones of radiation
damage and helium implantation. In this case the following levels are attained (per atom):
in vanadium - 7.09 displacements and 2.54.10"% interstitials in the surface layer and 4.5-1
displacements and (7.63-3).10" " interstitials in the bulk; in niobium — 15.5 displacements _
and 3.47.107% interstitials in the surface layer and 3-1.5 displacements and 1.39:10"%-4.10"°
interstitials in the bulk of the specimen. The formation of different types of defect and
impurity atoms in the material under irradiation leads to a considerable change in its basic
properties, e.g., electrical resistivity and microhardness (see Fig. 1).

In vanadium and niobium the effects of radiation damage caused by successive bombardment
with neutrons and a—-particles are superimposed upon each other, leading to.a cumulative effect
that exceeds each of the individual effects.

The annealing of radiation defects when the irradiated materials were heated and, there-
fore, the restoration of the corresponding properties in connection with the presence of a
radiation-defect spectrum should occur in several stages over a wide range of temperatures.
The study and clagsification of stages in the annealing of defects in irradiated bcc metals
[7-9] indicated the onset of radiation-annealing ordering when the irradiated specimens were
heated to (0.13-0.2) T, [10-11]. As is seen from Fig. 1, additional hardening of vanadium
and niobium take place in the range 150-250°C under both separate and successive irradiation
with a~particles and neutrons. Such ordering of irradiated bcc metal was assumed to have an
"impurity" nature [11]. ' '

- When vanadium and niobium damaged by neutrons and a-particles are irradiated with batches
of high-energy electrons the properties of the materials are restored (see Fig. 1). Calcula-
tions showed that under pulsed electron bombardment the temperature of the vanadium specimen
rises by 50-70°C during each pulse and that of the niobium specimen rises by 100-165°C, reaching 1200-
1500°C twenty minutes after the beginning of irradiation, with allowance for the heat losses through
radiation from the surface of the specimen and heat transfer to the material of the substrate
(electrical porcelain). Naturally, such heating of the material by pulsed electron bombard-
ment leads to annealing of the radiation defects produced as a result of irradiation with a-.
particles and neutrons and even leads to the escape of helium from the bulk of the material.

The nature of the "damageability" of materials in future fusion reactors, in connection
with the spectrum and energy of the bombarding particles as well as the sequence of the inter-
action events, is not always predictable on the basis of model tests under the conditions of
one irradiation. In order to approximate the actual conditions under which the materials
would operate it is necessary to carry out tests on the materials by simultaneously, or at
least successively, bombarding them with the corpuscular emissions of a plasma.
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‘MODEL OF FISSION-PRODUCT DIFFUSION IN THE CORES OF FUEL
MICROASSEMBLIES

V. I. Arkhipov, A. N. Gudkov, o UDC 621.039.544.55
V. A. Kashparov, V. M. Kolobashkin,K*

M. A. Koptev, A. A. Kotlyarov,

V. M. Login, and A. I. Rudenko

Questions of gas liberation from fuel materials occupy an important place among the most
important problems of high-temperature nuclear power. Hence there arises the need for careful
study of the mechanisms of flssion-product transfer both in nuclear fuel and in its protective
coatings.

Some results of investigating the process of nuclide transfer from a number of fission
products in the spherical cores of fuel microelements in the case of multiple capture by .traps
are given below., A loop experiment on special equipment was performed [1].

- The fission products formed in the fuel microelement diffuse under the influence of the
concentration gradient arising in connection with the continuous removal of nuclides from the
surface of the fuel microelement in conditions of intensive gas flow. The nuclides diffusing
in the volume of the microelement may be captured by traps, passing to localized states of
different energies, generally speaking. To explain the experimental results, both diffusional
[2] and defect—trap models [3, 4] of nuclide transfer have been used; the latter provide bet-
ter agreement with the experimental data [4].

However, to date, it has been assumed in using the defect—trap model that all the traps
are characterized by the same energy level. At the same time, the introduction of the con-
cept of traps with a broad energy-level spectrum allows the experimental dependences to be
described in more detail.

*Deceased.

Translated from Atomnaya énergiya Vol. 59, No. 5, pp. 348-350, November, 1985.° Original
article submitted October 30, 1984; revision submitted March 25, 1985.
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Fig. 1. Yield of °°Kr nuclides from a 0,26 mm core according to temperature under
stationary conditions: The curve is the theoretical dependence according to (4),
while the circles are the experimental results,

Fig. 2. Variation over time of the yield of °®Kr nuclides from a 0.26 mm core at
1260°C: Curves) theoretical dependence according to (6), (4) and (7); circles)
experimental data. S -

The energy distribution of localized states is described by the function n (€), where &
is the energy of the localized state measured downward from the minimum energy level of the
n oncaptured nuclide. A nuclide captures by a trap is in a localized state, but as a result
of thermal excitation may leave the trap; the probability of .this process is proportional to
the Boltzmann exponent exp ( — €/kT), where T is the temperature. In addition, account must
taken of the probability of nuclide decay determined by its lifetime (l/A) '

The basic equations take the form

(0/08) p (ry ty— D, (1/r2)(@/0r) [12(010r) p, (r, )] =G —Ap (r, t); (1)
(31t) p (r, t, &) = (1/75) [n (E)/N,] p, (r, ty—Mp (ry t, &) — (1/%0) (N/N ) exp (—E/ET)p (r, 8, &) (2)
plr, )y=p.(r, 1)+ g(lﬁp(r,t,?), : (3)
0
where r is the spherical coordinate, 0 <Cr<C R; R, core radius; t, time; pc(x, t), concentration

of mobile nuclides; p(r, t, &) &, concentration of localized nuclides in states with energy
from € to ¢ + d¥ p(r, t) is the overall nuclide concentration G, number of nuclides '"gen-
erated" in unit volume per unit time; D, diffusion coefficient of uncaptured nuclides; N, =

[ee)]

g dé& n (&) totral density of localized states; N

| c» density of delocalized states; 7o, nuclide
0

lifetime in the noncaptured state.

Equation (1) describes the diffusion with spherical geometry; Equation (2) defines the
kinetics of. capture and liberation of the nuclides; Equation (3) gives the relation between
the concentrations of free and localized nuclides. In deriving Eq. (2), it is assumed that
the probability of nuclide capture does not depend on the energy of the localized state and
'is proportional to the spectral density of capture centers.

The boundary condition corresponds to removal of all the nuclides diffusing to the micro-
element surface by the heat-carrier flow; pc.(r = R, t) = 0. The initial conditions are ob-
tained for irradiation of the microelement by a neutron flux beginning at time t = 0: p (r,

0) = pe (r, 0) = 0; p(r, 0,¢) =0.

The basic quantity measured in the course of the experiment is the yield function f(t),
defined as the ratio of the number of nuclides liberated over the whole core surface per unit
time to the number of nuclides generated in the same time over the whole sample volume f(t)=
— 3 (De/RG)(3/3x) pe (r, t)r=R.
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In the present work, the diffusion of nuclides is considered in the case of an exponen-
tial energy distribution .of the traps with characteristic energy &: n (&) = (NJE,) exp ( —-578@

Solving the steady problem of nuclide dlffu31on in the core gives the following depen—
dence of the yield function on the basic parameters

Fat =3 (Dytg R2)V2 (N /N AL, ’ (W

where a = kT/€o. In the case of the stepwise action of irradiation and generation of nuclides,
it is found that

() = 3(Dtg/ R)VE{[N /N Ato] [1—exp (—Al)]-|-exp (— A} : )
which gives the following result at small times (t < A—l)
7 (8) =8 (Do RYV2 (N N )™ (2159)™ | ©

In deriving Eq. (6), it is assumed that t > To. Taking into account that T, is very small in
comparison with the length of the experiment, this constraint is not too serious. It is ap-
propriate to note here that the inequality AtTo < 1 is also satisfied. It is evident from
Eqs. (5) and (6) that the characteristic time for establishing the steady value fgt is 1/X.

The variation in yield function f(t) in the vase where neutrom irradiation ceases at t =
to after the establishment of a steady state is described by the equations

[ () =afu{1—[% @ —t)*?},
To<St—1t < 1/A;
J(t)=(@/2) fur A (t — 1)) HP exp [— R (t—2,)],

7
t>1/A M

The basic results may be compared with experimental data for uranium-dioxide (density
10.2 g/cm®) cores of radius R = 0.26 mm. Comparison of analytical Eq. (4) for the steady
value of the yield function with the experimental dependence of fgt on the temperature (Fig.
1) shows that the diffusional path length of ®°Kr in the free state is sufficiently close to
the interatomic distance. :

Theoretical and experimental curves of the variation in yield function at the beginning
and termination of the neutron flux are shown in Fig. 2. Their comparison gives a value of
the characteristic energy of the .trap distribution &, = 0.17 eV.

Thus, within the framework of the defect—trap model with energy-distributed traps, the
experimental dependences may be well described and some important structural parameters of
‘the core material are obtained from a comparison of the theoretical results and experimental
curves.
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CONTRIBUTION OF DISLOCATION CREEP TO THE RADTATIONAL CREEP
OF MATERIALS

V. A. Borodin and A. I. Ryazanov UDC 539.376

Radiational creep is an acceleration of the deformation of stressed materials in condi-
tions of irradiation and is observed experimentally at temperatures <5 500-700°C. In the case
of irradiation of materials in fast reactors, the rate of radiational creep referred to the
external load and the radiation dose is usually 10~°-10"° (MPa-disp./atom)~', which is con-
siderably higher than the rate of thermal creep for this temperature. Therefore radiational
creep is, like radiational swelling and embrittlement, one of the basic physical phenomena
determining the efficiency of constructional materials in fast reactors and materials of the
first wall in projected thermonuclear reactors.

The plastic deformation of materials is a result of dislocational motion. Therefore,
adequate theoretical description of this phenomenon requires correct consideration of the
development of the dislocational structure of irradiated materials as a function of the ir-
radiation conditions. Experiments show that, on the curve of the rate of radiational creep
as a function of the radiation dose, three stages may be conventionally distinguished: tran-
sient, steady, and accelerated creep. It is established that, immediately after the onset of
irradiation, the creep rate of the stressed material increases sharply, and then gradually
decreases over a certain period to a practically constant value. The length of this transient
stage of radlatlonal creep is a few hundred minutes for irradiation in charged-particle ac-
celerators and hundreds of hours for irradiation in fast reactors, which corresponds to a
radiation dose of 0.01-1 disp./atom. Then the creep rate remains constant up to a dose of
> 3-40 disp./atom, and may subsequently increase over time in certain conditions. In turn,
microstructural investigations indicate that the structure of the initial materials is char-
acterized by a dislocation density of between 107-10° cm™? (for well-annealed samples) and
10** cm™? (for cold-deformed materials). Immediately after the onset of irradiatiom, Frank
interstitial dislocation loops are initiated in the material and grow. The growth of these
loops and the elimination of some of the linéar dislocations leads to the establishment. of an
approximately constant dislocation density (1-3):10® cm™® at a radiation dose of ' 20 disp./
atom. [1]. Regarding the acceleration of creep at high radiation doses, it may be assumed
at present that this stage is associated with the development of pore systems in the material.
Comparison of microstructural data with experimental dose dependences of radiational creep
leads to the conclusion that theoretical description of the transient stage of radiational
creep entails considering the motion of linear dislocations and the growth of dislocational
loops, while the description of the steady stage entails considering the development of a
network of linear dislocations, and, finally, at the stage of accelerated creep the influence
of pores on the dislocation mobility must be taken into account.

The dependence of the type of dislocational structure developing on the load applied is
important for an understanding of the mechanisms of dislocation motion in irradiation condi-
tions. In contrast to the case of thermal creep, which is caused to a considerable extent by
the conservative motion of dislocations (slip, limited therofluctuational barrier crossing),
irradiation produces supersaturation of point defects, which allows the dislocations to move
nonconservatively. As a result, the radiational component of the creep will be determined
either by creep of the dislocations or slipping limited by creep through the barriers. As
shown by experiments, at a stress 0 <5 100-300 MPa, the rate of creep depends linearly on the

- stress and the microstructure is characterized by a system of dislocations and dislocational
loops, whereas for large stresses, when the dependence of the creep rate on the stress is
significantly nonlinear, a cellular structure is more characteristic [2]. These results indi-
_cate that, with a comparatively small external stress, the basic mode of dislocational motion,
at least in the transient and steady stages, is creep. At large stresses, dislocational slip
processes must be taken into account as well as creep, since at these stresses creep of dis-

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 5, pp. 350-355, November, 1985. Original
article submitted October 30, 1984.
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| locations. through barriers is significantly easier, and the character of the dislocational
structure observed in this case has much in common with the structure characteristic for ther-
} mal creep, in which slipping of dislocations plays a significant role.

The question of the relation between the contributions of creep and creep-limited slip-
ping of dislocations to the rate of radiational creep at high stresses requires separate in-
vestigation. Here consideration is limited to radiational creep due to processes of dis-
locational creep. ' Suppose that there are K orientations of linear dislocations in a material;
the k-th orientation (1 <<k <<K) is specified by the Burgers vector bk of the corresponding
dislocation and the unit vector nk lying in the extra plane of the dislocations perpendicular
to the dislocation line. Then the tensor corresponding to the radiational-creep rate e(?)(i

j =1, 2, 3) takes the form
K
(D) E bhbkvhpn_f___}; 2 WiV, (1)
k==1 o | ’

where b is the value of the Burgers vector Vk and Vk are the rates of creep and slipping of
the dislocations of type k; ok is the density of type—k dislocations. Thus, the contributions
of creep and slipping of dislocatlons to the radiational creep may be considered independently.

Note that, at the stage of steady creep, when the dislocational structure is a system of
practically linear dislocatioms, the rate of creep coincides with e(D) . However, in the

\ transient stage, the contribution of dislocational-loop growth must %e taken into account as
well as linear-dislocation motion. As well as the above-mentioned Frank interstitial loops,
small (<1 nm) vacancy loops may be formed in the material as a result of the relaxation of
collision cascades. However, the evolution of these loops cannot be comsidered, since first
of all the character of the dose dependence in the transient stage is not greatly dependent -
on the form of radiation, while at the same time cascade vacancy loops are not formed at any
irradiation, and second, even in the case of vacancy-loop formation, their contribution to
the deformation observed in the transient stage is < 1% [3]. Suppose that there are M orien-
tations of the dislocational loops of interstitial type in the material and the distribution
of loops of type m (1< m<XM) over the radius is specified by the function fp(R, t), which
is normalized to the density of loops of this orientation per unit volume Np. The contribu-

| tion of dislocational-loop growth to radiational creep is

M Rm.ax . (2)
& — 2 S b 3 fm(R, t) RVPdR,
m=:1 1]

where Rpax is the greatest radius of the dislocational loops, close to the mean distance be~
tween dislocations; VE = (dR/dt)p is the growth rate of dislocational loops of orientation m.

The total rate of radiational creep at the transient stage may be expressed as &3 ij = §?) +
<L) :
iJ ‘

Consider the transient stage of creep; assume, for simplicity, that the material is in a
state of uniaxial loading with a stream ¢ and that the predominant majority of dislocational
loops are generated immediately after the onset of irradiation. The rate of dislocational
creep Ve and growth of the dislocational loops\ﬁlisdeterminedlnﬁthefluxes of vacancies and
interstitial atoms to these structures

VE =3 (b —Thv);
m 3
=%(J?J—JLV)a (3)

where J%a is the flux of point defects of type a (¢ = I for interstitial.atoms and a = V for

vacancies) to unit length of a linear dislocation of type k; Jga is the flux of point de-

fects of type a to a dislocational loop of radius R with orientation m. These fluxes may be
expressed in terms of the point-defect concentrations far from the sinks CI and Cy

J'Il)a = ZZD,, (Ca - CZO);

0
Ty =D, (Cy—C), )
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rium concentration of point defects close to the sink with orientation k; Zk and nm are the

asymmetry coefficients of absorption (preferences)_of p01nt defects of type a by dlslocatlons
with orientation k and loops with orientation m, respectively, depending on the geom-
etry and microstructure of the core of the dislocations and the dislocational loops, and
also on the features of their interaction with point defects. The point-defect concentration
is determined from the balance equation '

Rmax

X .
%y _G— 3 T — 22 | BITufn (8 0 aR—BC.Cy, %)

.ot
k=1
where G is the rate of Frenkel-pair formation; B = Dr/a® is the recombination coefficient of
vacancies and interstitial atoms; a is the interatomic distance. Since the equilibrium dis-
tribution of point defects is established sufficiently rapidly in comparison with the change
in sink power, it may be assumed that 3Cqy/3t = 0 in the quasi-steady state.

The coefficients Zy and ng determining the dependence of the power of the corresponding
point-defect sinks on their form and orientation are important for the description of the
rate of radiational creep. At present, it has been established that the difference in pref-
erences of the dislocations and dislocational loops is due to the difference in their geo-
metric forms and core microstructures. Thus, in the case of linear dislocations, a point
~defect incident at the core of the dislocation will diffuse in an accelerating manner along
the core and either be absorbed at the dislocational step or else, if there is no nearby step,
travels some mean distance A, and leaves the core. If the step is positioned at the edge of
the extra plane, the dislocations are sufficiently dense (AqCj > 1, where Cj is the step con-
centration per unit length of dislocation), each point defect of type a after diffusion in
the core is absorbed by some step, regardless of the point at which it 'enters the core. 1In
this case, the dislocation acts as a continuous sink for point defects and

~ 2x/ln (L/RE), (6)‘

where Rk is the radius of elastic 1nteraction of the point defects with dislocations, depend-
ing on the orientation of the dislocations because of the polarization of the point defects

by the external load; L is the characteristic dimension of the region of influence of the dis-
locations (L ~ p_l/z, where pp is the total density of linear dislocatioms). If the step
concentration is small (AQCJ <« 1), the dislocation consists of a discrete set of sinks at the
steps with a characteristic region of influence along the dislocations of ~2),. The total
length of the sections absorbing point defects of type a per unit length of the dislocation

is “AqCj, and the preference Z% may be written in the form [4]

Zh =BLCi, (7)
where the coefficient Bk depends not only on Rk but also on C} (Bt~ 5). Note that, in the
theory of radiational creep, asymmetry of the coeff1c1ents Ba plays a fundamental role.

Dislocational loops of size R < 30 nm include a considerable number of steps on account
of their natural curvature and may always be regarded as continuous sinks for point defects.
The expression for ny takes the form in Eq. (6), where the characteristic dimension of the
influence region of the dislocational loop L ~ R. It is evident that interstitial disloca-
tional loops are stronger sinks for point defects than continuous dislocatioms (ng > Zg). It
may be shown that the relation Ay > Zy is also valid for "discrete" dislocations if Ay > Af
[5]. As a result, dislocational loops of all orientations will grow on account of their
greater absorption of interstitial atoms in comparison with linear dislocations until they
become the basic sinks for point defects or part of a dislocational network. In the case when
the dislocations are continuous sinks for point defects, the mean radius of dislocational
loops is determined by the relation [5]

R~ R [(T+ 91, )3 —1], o (8)

where (with the usual experimental parameters) R. = 1-10 mm and t. = 0.01G™'. In the case of
discrete linear dislocations, the law of increase in R is determined from the relation

.%Hi? (1+1&)=—t' | _v @
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Fig. 1. Dependence of the rate of radiational creep on the time in the tramsient
stage, for the cases when the dislocations are continuous (dashed curve) and discrete
(continuous curve) sinks for point defects: 1) anisotropic orientational distribution
of loops; 5) isotropic; 2) Ar/iy = 0; 3) 0.2; 4) 0.5; €o = 102 Go/u. )

Fig. 2. Dependence of the radii of disleccational 1oo§s with Burgers vector along (1)
and perpendicular (2) to the applied load on the irradiation time; Ry = 5°10™%pqu/
(No). : ' :

Fig. 3. Temperature dependence of the creep modulus Ko = £/Go: 1, 2) the disloca-
tions are continuous and discrete sinks for point defects, respectively; 3) the ra-
‘diational componént of the creep rate in the AL model; the shaded region shows the
spread of experimental results of the irradiation of steel 316 by fast neutrons in a
reactor [9]; pp = 4:10*° cm™?; Cj = exp (~0.65 eV/1); (Bt — Bv)/Br = 0.05; the energy
of vacancy formation and migration is 1.7 and 1.2 eV, respectively.

Note that the growth law for interstitial dislocational loops R v t*/*® was observed in experi-
ments with Nb irradiation in an electron microscope [6].

The development of an ensemble of dislocational loops leads to deformation of the mate-
“rial only in the case when dislocations and dislocational loops with an extra plane perpen-
dicular to the load axis will absorb more interstitial atoms and fewer vacancies then dis-
locations and loops of cther orientations. In other words, determining the rate of radia-
tional creep of a material entails taking account of the stress-induced dependernce of Zgy

and ny on the orientation of dislocations and loops and also on the distribution of dis-
location densities and loops with respect to the orientation. '

In the present work, a model of the orientational dependences of the preferences of dis-
crete linear dislocations in which the influence of the éxternal load on the step concentra-
tion at the dislocations is taken into account is proposed. This concentration is maintained
constant as a result of dynamic processes occurring in the dislocation cores: steps are con-
tinuously generated, shifted along the edge of the extra plane on account of absorption.of
point defects, and annihilated. It is clear that determining the total step concentration at
the dislocations is a kinetic problem in which the influence of point-defect supersaturation
of the material must be taken into account. However, regardless of the absolute value of
- the step concentration, the contribution of the applied load to this concentration may be
determined. 1In fact, new steps are generated by pairs as a result of building up the edge of

the extra plane of the dislocations by a complex of A  atoms or "corrosion'" of this edge by

a ‘complex of A vacancies (A = 2-3). Then, the additional work SA = —-Ao%n w must be done for
the formation of a step nucleus building up the dislocational extra plane under the action of "
the external load, and work 8A = Ao%nm must be performed for a nucleus corroding the extra
plane, where U%n is the stress in the direction of the normal to the dislocational extra plane
with orientation k; w is the atomic volume. . Correspondingly, the number of nuclei of parti-
-cular forms will be proportional to exp ( — SA/T), where T is the temperature (in energy
units). It may be shown that the development of step nuclei whose further growth leads to
acceleration of the deformation is energetically favored. However, if this development is to
occur, the growth of an excess number of nuclei must be kinetically possible, i.e., the for=
mation of an excess number of energetically favorable nuclei must not be suppressed by an
increase incoming flux of point defects obstructing their growth. If both conditions are
observed (the sufficient condition for which is Ay < Ay [4]), the step concentration at dis-
locations with a Burgers vector directed along the load axis varies so that these disloca-
tions will absorb more interstitial atoms and. fewer vacancies than linear dislocations with
the same orientation. L ' o :
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stress may cause anisotropic generation of dislocational loops under irradiation. Experi-
mental observatlons show [7] that such anisotropy may be approximately described by the rela-
tion Ny ~ exp (n'c w/T), where oﬁn is the deviator component of the load in the direction

of the normal to the plane of the loop; n = 3., It is evident that the largest component of
the total number of loops consists of loops with a Burgers vector close to the direction of
action of the external load.

In calculating the rate of radiational creep, as well as the proposed mechanism of ac-
celerated step nucleation at discrete dislocations, account must also be taken of the aniso-
tropy produced by the external load in the interaction of point defects with dislocations of
various orientations [8] (Fig. 1). Curve 5 corresponds to the case when the dislocations are
continuous sources for point defects and the orilentational distribution of the dislocational
loops 1s isotropic. Taking account of anisotropy of loop nucleation in the continuous-dis-
location model leads to a dependence of the creep rate on the radiation dose (curve 1). Tak-
ing account of anisotropy of loop nucleation in the case of discrete dislocations only in-
fluences the absolute value of the creep rate, and does not affect the general character of
its variation. The character of the variation in creep rate with increase in radiation dose
observed in experimental conditions may be qualitatively well described on the basis of the
model of dislocations as discrete sinks for point defects (under the condition A1 < Ay); see
Fig. 1. It is also evident that the continuous-dislocation model gives an increase in creep
rate in the transient stage only in the presence of anisotropy of the loops distribution with
respect to the direction; the maximum is attained not at once but only after a time t = t..
Since t. = 10 sec (with irradiation in an accelerator), this difference in character of the
curves permits experimental verification of this result. Anisotropy of nucleation of disloca-
tional loops is only significant in the transient stage and will not influence steady .creep.
The characteristic length of the transient stage 1 =~ (10-100)t i.e., T = (0 1-1)6™', Esti-
mation for conditions of reactor irradiation — G = 10~° (disp. 7atom) +sec”™” — gives T = 10°-
10° sec, while for irradiation in charged-particle accelerators — G=10"° (d;tsp./a.tom)-sec"1 —
T = 10“-10° sec, which agrees with the available experimental data.

The given theories allow an interesting effect which may appear at stresses greater than

* 2~ 04 pup¥2/N ~5.103p to be predicted; here N is the density of dislocational loops per
unit volume; po is the initial density of linear dislocations; u is the shear modulus of the
material [5]. In this case, 'pumping-over" of point defects between dislocational loops
resulting from the orientational dependence of ny, may be the basic mechanism of development
of a loop system, beginning at some time. In this situation, growth of unfavorably oriented
loops stops, and subsequently they dissolve (Fig. 2). As a result, an anisotropic orienta-
tional distributien of the orientational loops is formed in the material, consisting mainly
of dislocational loops with a Burgers vector that is close to the direction of the loading
axis. From estimates, the characteristic time of loop dissolution is ¢, ~ 10- " p,! (GN)]“UG)
It is evident that for annealed material (po = 10® cm™2?), in conditions of 1rradlat10n in an
accelerator and an applied high potential — G = 10~> (disp./atom)-sec™', o/u = 5:107° — tg =
10“-10® sec, i.e., this effect may also be verified experimentally.

The steady stage of radiational creep is most convenient for qualitative comparison with
experiment, since in this case the creep rate does not depend on the radiation dose. The dis-
locational structure of the material in the steady stage consists of a set of linear disloca-
tions with different orientations. Taking account of the discrete structure of the disloca-
tions leads to a value of the creep rate approximately 10-100 times higher than those found
on the basis simply of the mechanism of anisotropic interaction of the point defects with dis-
locations (AI), and this is in considerably better agreement with experiment. If account is
taken simultaneously of the influence of the mechanism of accelerated step nucleation, the
predicted results are comnsiderably closer to experimental data. Consider, first of all, the
dependence of £ on the stress. Since the asymmetry of point-defect absorption is caused by
external stress o, expansion of ¢ to terms of first order in o at small stresses leads to the
linear dependence & % ¢ /oo observed experimentally, where oo is some characteristic stress.

In the model where anisotropy is due to elastic interaction of point defects with disloca-
tions, 1t is found that oo =~ u and hence in this model the creep rate depends linearly on
the stress up to values that are close to the shear modulus of the material, which conflicts
with experimental observations. Taking accelerated step nucleation into account leads to
the appearance of one more characteristic parameter o, ~ 7T/( Aw), which gives go = 100-300

MPa when T = 300-300°C, w = 3-107%® cm®, and A = 2-3; this is in reasonable agreement with
. the existing experimental results for the beginning of the region of nonlinear stress depen-
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One advantage of the given model is the possibility of explaining the temperature depen-
dence ‘of the creep rate of irradiated material (Fig. 3). To determine the creep rate in a
sufficiently broad temperature range, account must be taken of the contribution of the rate
of thermal creep (Nabarro creep) at high temperature and the influence of recombination on
the rate of dislocational creep at low temperature (< 300-400°C). Recombination must be taken
into account here not only in writing the balance equation for the point defects, Eq. (5), but
also in determining the flux of point defects to the dislocations in Eq. (4). Of the very
small number of careful investigations of the characteristic sigmoid temperature dependence
of the creep rate in the region of transition from thermal to radiationmal creep (Fig. 3), the
results are presented in a form convenient for quantitative comparison only in [9], where it
was established that the porosity of the given material is slight.

It is evident from Fig. 3 that the radiational-creep modulus of the irradiated material
predicted by the AI model (curve 3) lies below the experimental band and, when the thermal
component of the creep rate is taken into account in combination with the radiational com-
‘ponent, the curve obtained differs greatly from the experimental curve both in general form
and in position of the characteristic temperatures corresponding to transition from one sec-
tion of the curve to another. Since the values of the parameters determining ¢ in the{AI.
model are known sufficiently well, variation in the parameters within reasonable limits can-
not significantly improve the agreement between the theoretical and experimental data.

In the case of discrete dislocations with Ay > A1, the form of the curve of ¢ coincides
with the experimental curve. At low temperatures, when recombination plays a significant role,
the rate of radiational creep increases with increase in temperature. In the temperature
range where recombination is insignificant, the model here proposed predicts decrease in the
rate of radiational creep with increase in temperature. Finally, at even larger temperatures,
the increasing thermal creep begins to play the main role. With a reasonable choice of pa-
rameters, good agreement may be achieved between the theoretical and experimental curves, both
in order of absolute magnitude and in the position of the extremal points.

As a result, the following conclusions may be stated.

In constructing theoretical models of a radiational creep, for stresses that are not too
high (3>100-300 MPa), it is sufficient to consider only processes of linear-dislocation creep
and. the growth of Frank dislocational loops, as is confirmed by ‘the results of electron-
microscope investigation of the development of the dislocational structure of loaded mate-
rials in conditions of irradiation.

In the present work, a new mechanism of radiational creep has been proposed, on the basis
that step nucleation at dislocations is promoted by external stress. The use of this model,
taking account of the mechanism of stress-induced anisotropy of the elastic interaction be-
tween point defects and dislocations, not only permits a correct qualitative explanation of
the dependence of the rate of radiational creep on the basic irradiation parameters (dose,
stress, temperature) but also allows approximate quantitative agreement with experimental
results to be obtained.

At sufficiently high stress, the theory predicts conditions of the formation of an en-
semble of dislocational loops with a specific direction of the Burgers vector.
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A COMPARATIVE STUDY OF THE CORROSION RESISTANCE OF AN AUSTENITIC
STEEL IN LITHIUM AND THE EUTECTIC LEAD—LITHIUM ALLOY

G. M. Gryaznov, V. A. Evtikhin, ‘ UDC 621.039.6:621,039.53:669.018.8

L. P. Zavyal'skii, A. Ya. Kosukhin,
I. E. Lyublinskii, N. V. Samsonov,
and A. A. Gusakov

In a number of designs of thermonuclear reactors (TNR) besides liquid lithium, the use

of lead—lithium alloy of the eutectic composition (PbesLi,») is envisaged for tritium breed-

ing, heat transfer, and protecting the primary wall [1, 2]. The interaction of this alloy
with water and air is less vigorous as compared to 1ithium, and the- (n, 2n) type reactions -

involving lead atoms can ensure a tritium-breeding factor exceeding unity (but less than

that for lithium) in the TNR blanket at.-a relatively low conicentration of lithium in the
alloy. :

The_previous studies [3] on the corrosion resistance of stainless steels under noniso-

~ thermal conditions showed that the mass transfer rate in the lead—lithium alloy is higher
than that in lithium; however, in other respects, the nature of corrosive action of these
liquid metal systems on the steels is similar.

In view of the limited experimental data available, we carried out tests on the 18-10
steel in convective currents (streams) of lithium and the Pb—17Li alloy in order to compare

their corrosive action on the austenitic chromiummnickel steels that are promising materials
for the primary wall and the blanket of TNR. Cold-worked (rolled) steel specimens measuring .

20 x 8 x 1 mm (their original composition is given in Table 1) were placed in the hot and
the cold zones of the loop (Fig. 1) having a temperature of 600 and 500°C, respectively.

The loop was made from the 06Kh18N10T steel. The maximum test'duration in lithium was 1100
h and in the lead—lithium alloy it amounted to 1000 h; in both cases, the flow rate of the
liquid metal was maintained at 2-3 cm/sec and the nitrogen content did not exceed 2.107%%.

After completing the tests, the specimens were withdrawn from the loop and were cleaned.
While the cleaning operation of the specimens and the loop from lithium was easy, it was’
quite difficult to remove the lead—lithium alloy residue. In view of this, after testing

the specimens in the lead—lithium alloy, they were cleaned by additional immersion in lith-
{fum at 400°C for a period of 30 min. Following this treatment, these specimens as well as

the ones tested in lithium were washed in water and ethyl.alcohol. Thereafter, we deter—

mined the change in the specimen weight, and carried out metallographic studies and micro-
hardness measurements at a load of 0.49 N. The quantitative evaluation of the local chemi-

L

cal composition of the surface and the distribution of the elements across the cross section’

of the specimens was carried out using x-ray microspectral analysis under an accelerating
voltage of 20 kV and at a probe diameter of Al um. The secondary and absorbed electron

images of the surfaces under study were obtained. The distribution of lithium in the steel

was evaluated using track autoradiography. The studies were carried out on the low-angle

(2-4°) sections of the specimens that were not subjected to additional treatment after with-

TABLE 1. Chemical Composition of the
06Kh18N10T Steel ‘

Weight content of the elements, %

Medium | . .
C Mn or Ni Ti

Lithium - 0,039 1,6 16,5 9,3 { 0,35

Lead-lithium 0,043 | 1,6 | 16,7 | 9,8 ] 0,37

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 5, pP. 355-358, November, 1985. Origi-

nal article submitted January 15, 1985.
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TABLE 2. Chemical Composition of the
Surface of the Steel Specimens Tested
under Different Conditions

- Weight content of the elemenfs,%
Medi Temp. |Time,
edium o¢ - |
Cr Ni Ti Mu Si
oo | 7,90 1,9 | — |04 <0,05
.| 690 | 560 4,9( 4,01 0,3 ]0,09] <0,05
Lithium soo | 1100 169,31 4,2 | — 11,1} <0,05
: 560 | 57,21 3,5 | 0,9 10,9 | <0,05
Lead— | 600 | o0t 3,41 2,5 | 1,5 [ 0,05 1,9
lithium 500 P lo2] 1,7V o | 0,2 | <0,05
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Fig. 1. Convectional loop: 1) heating zone; 2) hot zone;
3, 5) casette with specimens; 4) cooling zone; 6) cold zone;
7} flow direction of the liquid metal.

Fig, 2., Kinetics of the change in the weight of the 06Kh18N1QOT
steel specimens in lithium (O) and in lead—lithium alloy (e).

drawal fromthe loop. We recorded the products of the reaction ®Li(n, a)®H, involving ther-
mal neutrons. The specimens maintained in contact with & solid-state detector were irradi-

ated in an IRT-2000 reactor. The tracks formed in the detector were etched with a 357 aque-
ous solution of KOH. ‘ ‘

Figure 2 shows the kinetics of variation of the specimen weight., Within a period of
10° h, the weight loss of the steel specimen in the lead—lithium alloy was found to be 6.5
times greater than that of the specimen tested in lithium and V107 less than that obtained

in the case of the chromlum—nickel steels of similar composition in pure lead under similar
conditions [4].

The mass transfer rate is, as a-rule,'proportional to the thermodynamic activity of the
most soluble component of a solid alloy in-the liquid metal [5]. 1In the present case, the
weight loss increases because of the greater degree of solubility of the components of the
steel in lead as compared to that in lithium. At 600°C, the solubility of iron in pure
11th1um amounts to “10~®%% (atomlc fractlon 10‘9/) [6], and .in lead it varies from 1072 up to
10727 (atomic fraction 4:107%-4-10"%%) [7, 8]. At the same temperature, the solubility of
nickel in lithium and lead amount to 0.22% (atomic fraction 0.03%) [6] and 0.5% (atomic
fraction 1.8%) [7], respectively. Such a significant relative increase in the solubility of
~ iron and nickel observed when changing the medium from lithium to lead results in only a six-

fold increase in the weight loss of the steel. This indicates that the corrosion mechanisms .
of lithium and lead on the experimental steel must be different.

On the surface of the specimens that were tested at 600°C in lithium and lead—lithium
alloy, we observed A35-um-thick layers having a different structure and high porosity. In
contrast to the specimens drawn from the cold zone, these specimens showed high etchability
throughout their depth. The results of chemical analysis of the surface of the steel speci- .
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Fig. 3. Track autoradiographs of lithium distribution
in the transverse sections of the 06Khl8N10T steel
specimens held at 600°C in flowing lithium for a period
of 1100 h (a) and in flowing lead—lithium alloy for a
period 1000 h (b): A) noncorroded metal; B) corroded
zone. '

. Sur_féce'

Fig. 4. Surface of the transverse sections of the
06Kh18N10T steel specimens subjected to mild electro-
lytic etching in a 5% aqueous solution of H.S50,.
Secondary electron image with superimposed concentration
profiles of nickel distribution: a) immersion in lithium,
1100 h, 600°C; b) immersion in lead—lithium alloy, 1000
h, 600°C.

mens subjected to the action of liquid metal environments (Table 2) indicate that the nature
of transfer of the components of the steel is identical in both the cases. In the hot zone
there is depletion of nickel and chromium from the surface and in the cold zone there is
chromium enrichment of the surface. The observed differences are of secondary nature. Car-
bon analysis showed that in the specimens held at 600°C in lithium and in the lead—1ithium
alloy its concentration increased up to 0.061 and 0.0547%, respectively; and at 500°C there
was a reduction in the carbon concentration up to 0.033 and 0.034%, respectively. It is
seen from the track autoradiograms (Fig. 3) that lithium penetrates into the steel up to a
depth corresponding to the thickness of the corroded zone. From the lead base alloy, a
greater quantity of lithium penetrates into the steel than from pure lithium, and is concen-
trated in the subsurface layer. Lithium penetration is absent in the steel specimens taken
from the cold zone.

The distribution of nickel across the cross section of the specimens (Fig. 4) indicates
that the nature of variation of its concentration is identical in both cases and confirms
that the weight losses of the steels in lithium and in the lead—lithium alloy are due to
stripping of the most dissolvable component (nickel) from them. At the same time, we ob-
served significant differences. It was found that as a result of washing the specimens in
lithium, the thickness of the corrosion zone of the specimens (that was previously varied
metallographically) reduced to approximately half (see Fig. 4). In order to understand the
reasons for this phenomenon, we studied the surface structure of specimens. The shape of
the deposited corrosion products in the cold zone of the lithium and the lead-lithium loops
does not show significant differences. The corrosion products deposited from the lead—
lithium alloy are found to be coarser than those deposited from lithium (Fig. 5). 1In the
hot zone of the lithium loop, the surface of the steel specimens shows a dense cellular
structure (Fig. 6) with a cell size of 2-3 um. The formation of a surface with similar
structure was previously observed during a study on the interaction of the 304 and 316 steels
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Fig. 5. Surface of the 06Khl8N10T steel specimens
held in the cold zone (500°C) of the convectional
loop in lithium (a) for a period of 1100 h and in
lead—lithium alloy (b) for a period of 1000 h.
Secondary electron image.

—

Fig. 6. Surface of the 06Kh18N10T steel specimens
held in the hot zone (600°C) of the convectional
loop in lithium (a) for a period of 1100 h and in
the lead—lithium alloy (b) for a period of 1000 h.
Secondary electron image.

with lithium {9]. Under the action of the lead—lithium, the surface structure becomes

loose and shapeless. Milcrohardness measurements on the cross section showed that the defor-
mation resistance of the corrosion zone of the specimens held in lithium is almost the .same
as that of the metal not in contact with lithium. At the same time, the corrosion layer of
the specimens subjected to the environment of the lead—lithium alloy has a microhardness of
0.9 GPa whereas, the microhardness of the central part of the specimen is 1.8 GPa. Thus,
under the action of the lead base alloy, a loose and weak ferrite layer forms on the surface
of the experimental steel, and this layer is destroyed to a considerable depth during the
process of cleaning the specimens in lithium. This agrees with the results of the earlier
investigations [3].

Based on the obtained results, the high corrosive activity of the lead—lithium alloy as
compared to pure lithium can be explained in the following way. The increased solubility of
iron in lead as compared to that in lithium alone can not ensure the observed rate of mass
transfer of the steel by the lead base alloy. However, this small increase is found to be
sufficient for creating a loose structure and discontinuities in the ferrite layer formed on
the surface of the steel leading to its mechanical destruction. This layer being a rela-
tively effective diffusion barrier for preferentially dissolving nickel (in lithium), loses
its protective properties (in the given case, approximately up to a depth of 12 um) under
the action of lead resulting in the accelerated diffusional extraction (withdrawal) process
of nickel from the body of the steel specimen into the liquid metal. During prolonged opera-
tion of the loop, this finally leads to inadmissibly high weight losses of the chromium—
nickel steels in the stream of the eutectic lead—l1ithium alloy.
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MATERTOLOGICAL ASPECTS RELATED TO THE APPLICATION OF LITHIUM IN THE THERMONUCLEAR
REACTOR BLANKETS

G. M. Gryaznov, L. G. Golubchikov, UDC 621.039.6:621,039.53
V. A. Evtikhin, L. P. Zavyal'skii, : .
A. Ya. Kosukhin, and I. E. Lyublinskii

In most of the existing designs of thermonuclear reactors (INR), metallic lithium is
incorporated as a material for breeding (reproducing) tritium [1]; this alkali metal can be
used as a coolant [1, 2]; and the use of lithium is envisaged in the eutectic melts of the
Pb—Li and Pb—Bi—Li alloys [1, 2] and in the Na—Li melt ([3].

At the present time, a large body of data has been accumulated on various aspects of
the interaction of low-melting metals (lithium, sodium, potassium, cesium, lead, bismuth,
etc.) and their alloys with metallic structural materials of different classes, and rela-
tively less data are available on their interaction with ceramic materials. A significant
practical experience has been gained on the large-scale use of sodium as a coolant in ‘the
fast power reactors. However, a simple extension of this experience to lithium is not possi-
ble because its properties considerably differ from those of the other alkali metals. This
applies to the corrosion activity as well as the technology of working with lithium. The
use of lithium in the TNR blankets is associated with the presence of numerous totally new
factors whose effect on the interaction of lithium with the structural materials and the
efficiency of the liquid-metal systems has virtally not been a subject of discussion and
experimental study.

- In view of this, it is considered necessary to carry out a brief analysis of the corro-
sion aspects of the interaction of lithium with the structural materials, to evaluate the
possible effect of the factors arising during the service of TNR, and to examine the ways of
improving the reliablllty of the liquid-metal systems of TNR.

COMPATIBILITY OF STRUCTURAL MATERIALS WITH LIQUID LITHIUM

Among the alkali metals, lithium possesses a better combination of thermophysical pro-
perties, but at the same time, it is the most active metal with respect to corrosion. For
example, at 600°C the solubility of the main components of steels, viz., iron, chromium,
and nickel in pure lithium is greater than that in sodium by 50 times on average [4, 5].
Consequently, the mass transfer rate of the chromium and chromlunrﬂickel stainless steels

Translated from Atommaya énergiya, Vol. 59, No. 5, pp. 358-363, November, 1985. Origi-
nal article submitted January 15, 1985. ‘
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by nonisothermal currents (flow) is much higher in lithium than in sodium. When testing
chromiummnickel austenitic steels in convectional lithium circuits (flow rate of liquid
metal 1-3 cm/sec), it was found that the steady-state mass transfer rate varies from 10

up to 30 mg/(m*+h) at a temperature of 600°C [6]. These data characterize, to a large ex-
tent, the situation where lithium is used in the TNR blanket for tritium breeding only and
its displacement rate is determined by the predetermined productivity of the tritium extrac-
tion process. When the lithium coolant flows at a rate of few meters per second, at a hot-
zone temperature of 600°C the mass transfer intensity increases by 3-5 times as compared to
the intensity due to thermal convection [6].- Such rates of weight loss of steels are not
permissible for ensuring satisfactory service of TNR for a few years. The mass transfer
rate increases [7] with increasing nickel content in the steel. However, the data obtained
on the steels containing 8-16% nickel contradict [6, 8] these conclusions. It is assumed
[9] that the stability of chromiummnickel steels is determined by their phase constitution
and that it depends on the content of the main elements (chromium and nickel) as well as
the supplementary alloying elements (molybdenum, tengsten, titanium, niobium, etc.). So
far, a completely well-founded and generally acknowledged approach has not been worked out
for selecting the austenitic steels that are stable against mass transfer by lithium. The
mass transfer rate of the chromium stainless steels in lithium is significantly lower than
that of the chromiummnickel steels [7] and, consequently, their use is preferred under the
conditions of contact with lithium.

The corrosion rate of the steels in lithium is affected by the nonmetallic impurities,
nitrogen in the first place, and also, oxygen, carbon, and hydrogen [10, 11]. The negative
effect of nitrogen impurity on the corrosion of steels has been unambiguously established
for the temperatures exceeding “600°C; for lower temperatures closely corresponding to the
actual conditions of the lithium blankets of TNR made from stainless steel, the available
data is contradictory. The data obtained on the effect of nitrogen impurity on the solu-
bility of iron, chromium, and nickel in lithium [10] indicate that at a temperature below
600°C the solubility of these metals is a very slowly varying function of the purity of
lithium with respect to nitrogen right up to a nitrogen concentration of 0.5%. The avail-
able data on the mass transfer of the 316 steel at 400°C in nitrogen-bearing lithium indi-
cate an increased solubility rate of the steel which contradicts the data on the equilibrium
solubility of metals in lithium. On the other hand, Tortorelli and Chopra [6] .noted the
absence of any effect of the nitrogen contaminant (up to a concentration of 0.05%) on the
mass transfer of the same steel in the convectional loop at a temperature of 400-600°C. The
effect of the impurities carbon, oxygen, and hydrogen on the corrosive activity of lithium
has not been studied in detail; however, it is generally acknowledged that their effect is
less significant than that of nitrogen [12].

An analysis of the available experimental data on the mass transfer of steels by lithium
and the effect of the purity of the liquid metal on it indicate considerable variations in
the quantitative characteristics of this process right up to incompatible (mutually exclu-
sive) experimental observations. This circumstance makes it virtually impossible to predict
the development of the mass transfer process of steels over long periods of operation of the
lithium systems at a temperature of 400-600°C.

In view of the fact that the effect of nonmetallic impurities on the interaction of
lithium with the stainless steel is not completely clear, it is necessary to determine the
permissible level of their concentration that ensures the desired service life of the ma-
terials (in this case, it is necessary to take into account the possible effect of these
impurities on the effectiveness of tritium extraction from lithium). The problem is formu-
lated in this manner because of the difficulties encountered in carrying out such a high
degree of decontamination (purification) of lithium as to ensure for certain that it meets
all the specifications (in particular, when large quantities of lithium require decontamina-
tion). This is related to the higher (as compared to the other alkali metals) solubility
of nonmetallic impurities in lithium and their high chemical affinity towards this metal
[13].

Besides dissolution and mass transfer, penetration of lithium into the structural
materials forms a significant corrosion process. In this regard, lithium is also the most
active element among the alkali metals. After holding the austenitic 316 chromiumnickel
steel at a temperature of 600°C for a period of a few hundred hours under static conditions,
lithium traces have been observed in the steel specimen at a depth exceeding 0.6 mm [14].
Under the conditions stimulating selective dissolution of the components of the steel, Bes-
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korovainyi et al. [15] observed intense penetration of lithium along the grain boundaries.
In this case, they observed occurrence of the recrystallization processes, redistribution
of nonmetallic impurities, and an increased etchability (corrosion) of the steel which are
not observed during its thermal aging under the same conditions. The nonmetallic impurities
present in the solid as well as the liquid phases aid lithium penetration. For example, the
presence of nitrogen leads to lithium penetration in the chromium-nickel steels because of
the formation of ternary nitrides LisCrNs and LisFeN, in the solid phase [16], and the pres-
ence of oxygen in vanadium and niobium leads to lithium penetration because of the formation
of nonstoichiometric ternary oxides or lithium oxide [17].

Lithium penetration by itself has a negative effect on the mechanical properties of the
structural materials as a result of the weakened intergranular bonds (interaction) and the
destabilized structure of the metal. Under the conditions of neutron irradiation in TNR,
this effect is naturally intensified because of the accelerated accumulation of helium and
tritium in the solid phase which form according to the °Li + n + “He + ®H type reaction from
the penetrating lithium atoms [18].

A study of the effect of lithium on the strength and fatigue properties of the stain-
less steels showed that the mechanical properties of the materials deteriorate under the
action of this liquid metal to a greater extent as compared to sodium. An analysis of the
available experimental data led to the conclusion [19] that at the present time, it is not
possible to make a well-founded long-term prediction regarding the variation of mechanical
properties of the steels of different classes that are in contact with lithium.

While the problems of selecting metallic materials for working in liquid lithium are
being gradually solved and there are definite achievements in this field, there have not
been systematic experimental investigations on the resistance of ceramic materials to
lithium environment. The limited results available are generally negative [20]. The cera-
mics based on oxides and nitrides of metals undergo either complete destruction in liquid
lithium and its vapors or volumetric changes and become electrical conductors. The stability
of ceramics depends to a large extent on the purity of lithium with respect to nitrogen and
oxygen [21]. 1In a number of cases it was found that contamination of the liquid metal as
well as its excessive purity are undesirable. The selection of ceramics that are resistant
to the action of liquid lithium or its vapors is a subject of special investigation.

Based on the available experimental results, the following conclusions can be drawn:

only tentative (rough) values of the maximum temperatures at which the structural ma-
terials can be used in contact with lithium are known; according to different evaluations,
the maximum temperature for chromiummnickel austenitic steels is 500-600°C, for chromium
stainless steels 500-650°C, for nickel base alloys 300-500°C, for titanium alloys ~700°C, for.
niobium alloys 650-1000°C, for vanadium alloys 650-900°C, and for molybdenum alloys 800-
1000°C; ' '

there are no well-founded specifications on the purity of metallic lithium intended for
the use in the TNR blanket;” '

the available experimental data are insufficient for a well-founded prediction of the
mass transfer process of the materials in lithium and the variatiom of the mechanical pro-
perties, and for selecting lithium-resistant ceramics.

On the whole, the existing information is insufficient for a well-founded selection of ,
the materials and for predicting their behavior in large-sized lithium systems.

EFFECT OF NEUTRON IRRADIATION ON THE COMPATIBILITY
OF LITHIUM WITH STRUCTURAL MATERIALS

" In contrast to the fast reactors in which the structural materials are subjected to
irradiation with neutrons of an energy >0.1 MeV, in TNR the neutron fluence attains much
higher values (up to n*1022% cm?) under much more rigid energy spectrum. Such conditions
can considerably intensify the interaction processes of the materials with lithium. In view.
of the fact that there has been no experimental verification of the effect of neutron ir-
radiation on the compatibility of the materials with lithium, we can evaluate only the prob--
able mechanisms of the effect of this factor. ‘
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Disintegration of the material of the first wall and the structural elements of the
blanket by neutrons is most evident on the surfaces in contact with lithium, - According to
the existing evaluations [10, 22], at a neutron flux density of 10'°® cm™?*-sec”?, the dis-
integration rate of 316 steel can amount to a few tens of microns per year. In view of the
fact that the corroded layer forming on steels (as a result of preferential dissolution of
" their components in lithium) is subjected to distintegration and the diffusional resistance
~ of this layer is low, there 1s an inevitable increase in the rate of mass transfer by the
liquid metal. This leads not only to a reduction in the lithium-resistance (stability) of
the steels, but also to an increase in the volume of the corrosion products formed which
contaminate the surfaces of tritium extraction from lithium and worsen the radiational con-
ditions.

It is well known that the neutron irradiated austenitlc steels are prone to vacancy-
related swelling. The volumetric expansion may reach 107 or more. Considering the high
penetrating ability of lithium, one can expect that it will rapidly penetrate into the
steels along the resulting pores. In the steels, lithium penetration is accelerated also
due to the excess-pliase precipitation [23] which is intensified under irradiation [24].

Loss of corrosion resistance may also be found -in the chromium steels exhibiting a
less degree of swelling. It occurs because of the increased defect density during irradia-
tion which, in turn, leads to an increased dissolution rate of the components of these
steels and facilitates lithium penetration into the ‘steels.

When evaluating the effect of neutron irradiation on the corrosion of structural ma-
terials in lithium, one must also consider the possibility of chemical compositional changes
in these materials as a result of transmutation under irradiation. For instance, after two
years service under a thermal load of 5 MW/m® on the first wall, the atomic fraction of
helium and hydrogen formed in the 316 stainless steel amounts to approximately 0.7% [10].
Helium formation increases when high-nickel steels and alloys are used. Irradiating a nio-
bium base alloy with neutrons under a load of 1.25 MW/m* for 30 years service of TNR leads
to an increase in the atomic fraction of zirconium in the alloy from 1.0 up to 6.5% owing
to nuclear transformations. Under similar conditions, the compositions of a 316 steel
changes in the following way [25]: atomic fraction of iron — from 62.6 up to 58.0%, nickel —
from 14.0 up to 13.3%, manganese — from 2.0 up to 6.4%, and titanium — from 0.01 up to 0.2%.
All these changes can significantly affect the interaction of the structural materials with
lithium.

It may be assumed that'besides the aforementioned possible mechanisms of the effect of
irradiation on the corrosion processes, it affects the chemical interaction in the system
"liquid lithiumdissolved metal-nonmetallic impurity." A shift (disturbance) of the equil-
ibrium in this. system to either side under the actlon of radiation leads to an increase or
decrease of corrosion of the metal in lithium,

All the aforementloned effects related to neutron irradiation must be studied experi-
mentally in order to determine their actual effect on the compatibility of the structural
materials of TNR in lithium.

EFFECT OF A STRONG MAGNETIC FIELD ON THE INTERACTION
'OF THE STRUCTURAL MATERIALS WITH LITHIUM

- The presence of a magnetic field is characteristic of the tokamak-reactors only. In
such TNR the magnetic field changes rapidly with time and its intensity can reach 5-7 T
[26]; such a field is capable of causing significant changes in the rate and even in the
nature of the interaction processes of lithium with the structural materials.. '

" According to the existing hypotheses [1], the alternating magnetic field, across which
the (electric) current-carrying liquid is moved, facilitates equalization (smoothing out)
of the profile of lithium flow rate.: This must lead to a reduction in the thickness of the
lamellar boundary layer of the liquid stream (flow) which, in turn, changes the nature of
the dissolution process of the solid metal in liquid lithium. When this layer is quite
thick (characteristic for moderate flow rates), the diffusion of the dissolved metal in
liquid lithium is the controlling stage; on the other hand, when the thickness of the lamel-
lar layer is reduced to =5 um (usually observed at high flow rates), the process of trans-
ition of the atoms of the dissolving metal through the solid-liquid interface becomes the
controlling stage. Experience shows that such a change leads to a significant increase in
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the dissolution and mass transter rates ot the structural materiais in ifiquia metais. Thus,
the effect of the magnetic field on lithium current is equivalent to increasing its flow
rate in the system. The aforementioned effect is a characteristic of the structural mater-
ials of any class; other possible mechanisms of the effect of magnetic field apply mainly to
the steels of the austenitic class. A significant feature of most of the austenitic steels
used in reactor building is that they are metastable at the service temperatures below 0.5
Tpmelting. This situation determines the possibility of occurrence of structural and phase

. transformations in the steels used in TNR. They may occur due to the aforementioned radia-
tion-induced intensified diffusion [24] and due to the action of a magnetic field. It is
known [27] that in a magnetic field, the boundaries of the two-phase regions a/a + y and
y/a + v are shifted towadrds higher temperature because of the reduced free energy of the
magnetic a-phase. The high diffusion coefficients of the components of the steel in the a-
phase (as compared to those in austenite) make the two-phase a + y materials less resistant
to lithium as was confirmed by the experiments [9].

As a result of the preferential corrosion of the austenitic steels in lithium, their
surface layer undergoes y—u transformation and a corresponding transition from the paramag-
netic state to the ferromagnetic state., Because of porosity and intense penetration of the
liquid metal, the corroded layer becomes loose (friable) and weak as has been observed in
the case of the 316 steel held in the lead—lithium eutectic at 470-500°C [28]. Under the
action of a magnetic field, the mechanically weak ferromagnetic layer can peel off and expose
the uncorroded metal. This process abruptly increases the rate of weight loss of the steel
and constantly holds it at a high level.

Besides intensifying the corrosion processes, the magnetic field changes the nature of
deposition of the corrosion products. Their ferromagnetic constituent (mainly iron) can con-
centrate not only in the cold zoneés, but also in other parts of the system. This suggestion
is based on the observation indicating that in the lithium circuits the dissolved iron and
. manganese are concentrated in the working zones of the magnetohydrodynamic pumps and the mag-
netic flowmeters [6]. Just as in the case of the other phenomena related to the magnetic
field, the actual contribution of this phenomenon towards the development of corrosion pro-
cesses of the structural materials in lithium and its effect on the efficiency of the liquid
metal systems of TNR must be evaluated experimentally.

Numerous aspects of materials behavior require investigation in connection with tritium
breeding in the lithium blanket, its effective retention in the system, and withdrawal from
it. An analysis of the effect of tritium existing in lithium at a concentration level of
107“-10-%% on the structural materials shows [29] that this factor does not significantly
change the mechanical properties of steels and refractory metals. - Most of the problems of
materials science that emerge due to the presence of tritium are related to the method of
tritium extraction from lithium and, consequently, the discussion and analysis of these as-
pects form a subject of special investigation. ‘ '

It follows from the aforementioned facts that under the operation conditions of TNR,
the effect of lithium on the structural materials (that is significant by itself) can be
substantially intensified under the action of neutron irradiation and a strong magnetic
field. .The results of the materials and structural studies undertaken for designing TNR
must be confirmed by direct experiments that would take into account the complete set of
factors affecting the compatibility of the structural materials with lithium.

In spite of the problems remaining unsolved at the present time, on the whole, the in-
_vestigators are optimistic regarding the possibility of accomplishing TNR designs using
liquid lithium and stainless steels as the structural materials in the blanket. Varilous
protection methods are proposed for improving the resistance of the materials to the action
of lithium. The most acceptable method among these is to develop the steels with optimum
alloying ensuring maximum reduction in the activity of the components of the steels that
are easily dissolvable and are prone to transfer by the liquid metal (besides ensuring the
required combination of the physical and mechanical properties) [30]. However, the studies
conducted in this direction [7, 9, 31] have not yet yielded sufficiently well-founded recom-
mendations.

Creation of protective coatings and diffusion barriers (2] on the surface of the struc-
tural materials is a promising direction. For instance, it was shown that addition of 5%
aluminum to lithium decreases the mass transfer rate of the 316 steel in lithium stream
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(flow) by approximately 5 times owing to the formation of a layer of intermetallic compounds
on its surface [32]. We note that alitizing (aluminizing) of steels is also an effective

‘. means of decreasing their hydrogen permeability at temperatures up to 700°C [33]. Thus,
aluminum addition to lithium could simultaneously increase the corrosion resistance of the
steels and decrease the rate of tritium penetration through them. Just as the other methods
of protecting the structural materials from corrosion in lithium environment, alitizing
through the liquid metal requires additional experimental basis in view of the indications
{11] that it does not have a positive effect.
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THERMODYNAMICS OF THE INTERACTION OF UO, WITH CARBON IN THE PRESENCE
OF THE ADDITIVES Al,05°Si0,, SiC, AND UC:

Yu. F. Khromov, D. E. Svistunov, ' UDC 621.039.542.34
and S. A. Zhmurov

In a study on the thermodynamics of the interaction of uranium oxide with carbon {11,
we measured the equilibrium pressure of CO for the U0, + C system in the presence of excess
carbon and analyzed the variations of the oxygen potential in the homogeneity region of
UOth.

In continuation of these studies, we investigated the thermodynamics of the interaction
of U0, with C in the presence of the additives, viz., aluminosilicate Al;05-5i0a, silicon
carbide, and uranium dicarbide. The studies were carried out according to the Knudsen
method described elsewhere [1-3].  In the experiments, we measured the pressure of
carbon monoxide as a function of the temperature and the composition of the systems under
study. After prior high-vacuum degassing (degasification), we studied the systems (compo-
sitions) based on uranium oxide in contact with pyrocarbon in the temperature range 1300-
1900°K (Table 1). The systems U0, + UC. and U0z + SiC were produced by mixing the powders
of the respective compounds in a neutral organic matter. The systems consisting of uranium
dioxide with the additions of aluminum and silicon oxide, and the oxides Al:0;, SiOa, and

Translated from Atomnaya Energiya, Vol. 59, No. 5, pp. 363-366, November, 1985. Origi-
nal article submitted July 13, 1984.
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TABLE 1.
with Carbon

Characteristics. of the Components and the Experimental Systems in Contact

: - ‘Weight. cohtent of'element‘:s, % Mole ratio Lagtice paramefer,'m
Composition
c Aly04/8i tefo ft
U Al si tot %F | oyt onsu; exptfe 'prif
luo, 87,2 — — - 12,8 — 056640 | 0,54710
xU02+6 5wt .0 (ALO; - | 82 2,4 0,5 — 5,1 2,5/ 0,54610 0,54702
:Uogé{-’) Wt % (Al,Og-| 80,4 0,9 1,6 — — 1/3,5 0,54640 0,54700
l .
Si0, after calcin. — — 46,6 — 53,4 —_— —_ —
'Al 20, after calcin. — 52,9 — — 47,1 — — _
'3A120., 2810, (mullite)} — 38 13,10 — 48,9 3/2 — —_
U0, +UC, — — — — — 1/1 — -
1 U0, 8:/,?_ — — — 12,8 = 0,54640 0,54702
. ]UC 87,7 — — 8,8 — — 0,3527 —
| 882+ 8iC o — — — — 1/1 —
7, — — — 12,8 — 0,54640 0,54701
lsic’ Z — 70 30 - - "z g
Note: Weight content of other impurities amounts to <0.1% in each system. The 0/U

ratio in the original uranium dioxide is equal to 2.04.

*Calculation based on the difference.

Values of the Constants A and B in the Equation log Pco(Pa) = A — B(10*/T)

TABLE 2.
Depicting the Temperature Dependence of the Pressure of CO in the MxOy + C Systems
iy Temp.

Calculated phase composition ragge, ok A B
U0,, original (Fig. 1, curve 4; Fig. 4, curve 2) — 14,732 1,998
Al, C, UO05, 3Al 03'25102, Al,04 (Fig. 1, curve 1) 1200—1450 13,665 2,20
Al, O safter calc1n 3 C (Fig. 1, curve 3) 12001450 15,515 2,16
Alzo after calcin. fFlg 1, curve 5) 900—1100 14,285 1,30
3A1,0,°28i0,, Si0,,. 51C C (Fig. 2, curve 3) “41300—4500 16,9925 2,40
U0, , 3A1,0,-25i0,, Si0,, SiC, C (Fig. 3, curve 1) 90N—1200 9,805 0,80
Sio, (after calcin.), SiC, C (Fig. 3, curve 2) 850—1100 © 10,186 0,81
Uvo,, SicC, SlO.,, C (Fig. 3, curve 3) ' 850—4400 13,795 1,10
Uo,, 5102, Sl, ig. 3, curve 4) 900—14300 9,715 1,07
U0,,-UC,, € {Fig. 4, curve 1) 12001400 14,935 2,00

mullite (3A1.,0502Si0,) were obtained by precipitation using aqueous ammonium hydroxide solu-
tion with subsequent calcination (roasting) of the hydroxides at 1050-1100°K.

Table 2 and
Figs. 1-4 show the experimental results in the form of analytical dependences log P =

£(T)

which are in satisfactory agreement with the value of the oxygen potential of the compounds

under study, viz., UO,4x, SiO.,—x, and 3A1,05°2Si0,.

A direct evaluation of the pressure Pco according to the equation

Ig Peo=1g K, +1/21g Po,,

is the oxidation constant of carbon up to CO,

where K
simple compounds (Fig. 1,
form carbon monoxide CO.

€N

is possible only in the case of
curves 2 and 3) which dissociate into the constituent elements and
An analogous reaction with carbon is observed in the case of ur-

anium dioxide containing aluminosilicate additive that has excess Al,0; with respect to the
composition of mullite 3A1,0,-2Si0, (Fig. 1, curve 1).

of the experimental systems (curves 1, 3,

The temperature of prior degassing
and 4) under a residual pressure of 6.6-10"° Pa

was maintained at 1500-1800°K until the attainment of the equilibrium pressure of CO. In
the absence of Algy in the final products of the reactions of the oxides with carbon after
degassing at a residual pressure of 6.6:107> Pa in the temperature range 800-900°K, the

values of the equilibrium pressure Py are found to be significantly higher (Fig. 1, curve

5). This agrees with the result of mass spectroscopy [4] (point 7) and the calculated values

(curve 6) for the reaction

15A1,05 - 29C = AlOg-|- 14A1,0, + 29CO.

(2)
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Fig. 1. Pressure Ppg as a function of temperature for
the systems with aluminosilicate addition under excess
Alea. l) U02+X + 3Al1 03 25102 (excess Alea) + C
(experiment); 2) 4Al,05 + 6C = Algq + Al20g + 5A105 +
6CO (calculated); 3) Al,O0;5_x + C (experlment),

4) UOzipni + C [3] (experiment); 5) Al;05 +.C (experi—
ment); 6) 15A1,0; + 29C = 2A10, + 14Al,0g + 29CO (cal-
culated); 7) calculated Pgg according to the publlshed
data [4] for Al,0s + C (calculated).

Fig. 2. Pressure Pgg as a function of temperature for
the mullite system (3A1,05'2Si0,) with carbon

1) 3A1,05+2810, 4+ C = 3A1,0;5 + 281 + 3C0 + SiOg (cal-
culated); 2) 3A1,03° 2810, + 4C = 3Al 205 + 2Sigq + 4CO
(calculated); 3) 3A1,03-x°'2Si0,_x + C (experiment);

4) 3A1,05°2Si0, +.4C = 3A1,0; + SiOg + 3CO0 + SiC (cal-

culated) . .
J
2_.
7 —
©
[2¥]
g of
'Q.
on
= L,
-2.—
s 4
40 95 70 75 77 77572 7/7?04K
- 7/7. 104K ? !
Fig. 3 Fig. 4

Fig. 3. Pressure Pgp as a function of temperature for
the U0, systems with aluminosilicate addition under ex-—
cess Si0a.: 1) UOp+x + 3A1,0,°2S810, (excess Si0,) +.C
(experiment); 2) Si0, (calcined) + C (experimernt);

3) UOa+x + SiC + C (experiment); 4) UO,+x + SiOz-x +

Si + C (experiment); 5) Si0O, + 4C = $i0, + 3CO + 8iC
(calculated); 6) 28i0,-x + 3C = Sigq + glog + 3CO. (cal-
culated). :

Fig. 4. Pressure Pgp as a function of temperature for
the U0, + UC, system: 1) (U0, + 50 mole 7% uc,) + C
(experiment); 2) UOaini + C [1] (experiment).
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" Such a behavior of aluminum oxide indicates the existence of a narrow range (region)
of homogeneity and the change in the nature of the interaction with temperature indicates
the absence of congruent evaporation in the region of the Al,0s compositions.

The experimental and the calculated data on the thermodynamics of interaction of 3A1.05°
2510, with carbon show that after degassing in the temperature range 1500-1800°K, there is a
high probability of mullite decomposition into the constituent oxides Si0O, and Al,03, and
after subsequent dissociation of $i0,, oxygen interacts with carbon to form CO (Fig. 2,
curves 2 and 3). If the degassing temperature of this system is decreased up to 800-900°K,
the equilibrium pressure Pgy must increase up to the values corresponding to the curve 4.

An analysis of the interaction (with carbon) of the uranium dioxide systems containing
aluminosilicate additive in which the Si0,/Al.0; ratio is higher than that in mullite indi- .
cates the occurrence of the reaction with the formation of CO, silicon monoxide SiO*, and
silicon carbide '

28i0, -+ 4C = 8iOg |- 3CO + SiC. ‘ (3)

This result follows from the fact that the calculated data (Fig. 3, curve 5) coincide with
the experimental values obtained for the systems subjected to prior degassing at 900°K and
under a residual pressure of 6.6°107® Pa (curves 1, 2). When uranium dioxide is alloyed
with silicon carbide (curve 3), the pressure of CO is insignificantly higher than that exist-
ing over the systems

810, + Cand U0y,  + 3A1,0;-28i0, - Si0, + C.

The aforementioned situation indicates that in the three systems being examined, equil-
ibrium is established according to the reaction (3); here, in the system U0,+yx + SiC + C,
uranium oxide acts as the oxygen source for the formation of CO, and the interaction in this
system must be considered as a reverse process with respect to that observed in the system

U0y, -+ 3A1,0,-28i0. Si0, +C

The observed small difference in the values of Pgg = £(T) over UOz4x + SiC + C as com-
pared to the values found for the other two systems is apparently related to the structural
state of the oxide Si0; isolated as a result of the reverse (back) reaction and to the dis-
similar O/U ratios in the final uranium dioxide and that entering the system UOaiy + 3A1205°
25i0, + $i0, + C.

The calculations showed that the formation of finely dispersed silicon dioxide having
the structure of glass can lead to a considerable increase of Pco in the system S§i0, + SiC +
CO + Si0g + Cgq (see Fig. 3, curve 5). A similar nature of the variation of the equilibrium
pressure of nitrogen due to the differences in the dispersion of carbon was observed [7] in
a study of the direct and reverse reactions

UC+ 1/2N, = UN - C. | )
UN -+ C=UC + 1/2N,. )

During the interaction of the U0,—Si0O, system with carbon after initial -combined de-
gassing at 1800°K and under a residual pressure =6.6-10"° Pa, the absence of congruent vola-
tilization in the region of Si0, compositions [6] leads to the formation of elemental silicon
Si.ong @and to a reduction in the values of Pgpo (see Fig. 3, curves 4, 6) similar to the
nature of interaction in the Al,0; + C system (Fig. 1, curves 5-6 and 2-3).

The coincidence of the experimental data of the system U0, + C and U0, + UC, + C (Fig.
4) shows that the addition of UC, to uranium oxide does not have any effect on the equili-
brium pressure of CO in the presence of free carbon and at an identical 0/U ratio in the
final compositions of uranium dioxide. The uranium dicarbide additive remains inert with
respect to U0, until the system is drawn out of the equilibrium state.

The experiments conducted on the systems "uranium dioxide—aluminosilicate additive—
carbon" at a ratio Si02/Al,0s = 2/3 show that during the degassing process of the systems
at a residual pressure of =6.6°10"° Pa and a temperature of 1300-1800°K, the O/U ratio
varies from 2.04 (for the original dioxide) up to 2.00; in this case, the smaller value of
this ratio is determined either by the oxygen potential of S10, or Al,0: (when one of these

i0
*AF°—§£—E-10 P°§18g was.- evaluated on the basis of the published data {5, 6].
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compounds is present in excess with respect to the composition of mullite) or by the oxygen
potential of 3A1,0,°2S10,. When degassing of the experimental systems. is carried out in the
range 800-900°K, the equilibrium composition of the dioxide is determined by the oxygen po-
tential corresponding to the upper limit (boundary) of the homogeneity range of aluminum or
silicon oxides. :

Based on the data on the interaction of uranium dioxide containing aluminosilicate addi-
tive with carbon under equilibrium conditions of the reaction (3), it can be concluded that
it is advisable to maintain the Si0;/Al.0, ratio in aluminosilicate at a value different from
that of mullite (2:3). In this case, the oxygen potential of Al,0; and SiO,, and the pres-—
sure of CO corresponding to them are found to be higher than those observed in the case of
3A1,05°2Si0;. The final uranium oxide in the system consisting of U0, with aluminosilicate
additive and carbon will also have higher O/U ratio. If the aluminosilicate additive con-
tains excess Al,0; with respect to the composition of mullite, the eutectic temperature of
Al,0;°Si0, increases from 1870 up to 2100°K. ' : :

The obtained experimental and calculated thermodynamic data permit ome to describe the’
interaction process of uranium dioxide containing additives with carbon.

Under equilibrium conditions and in the presence of excess silicon dioxide or aluminum
oxide in the aluminosilicate additive with respect to mullite composition, the interaction
.of the oxide system with carbon is described by the following reactions

280, + 4G == Si0g+ 3CO + SiC; | )
15A1,0,+ 20C — 2A10, + 141,04+ 20C0; N
U0, -+ 4C = UC, 4 2CO. (8)

The pressure of CO corresponding to the reaction (8) must be equal to that determined
from the reactions Eqs. (6) or (7).

During the interaction process of UOz+x with carbon, the composition of the dioxide
is displaced towards the lower limit of the homogeneity range of UOz+x [3] with a change in.
the 0/U ratio. In view of more positive oxygen potential in the systems 5i0; + C and A1;0; +
C, the 0/U ratio of the dioxide will be greater than the 2.00 that is typical for the lower limit
of the stoichiometric composition of uranium dioxide [1].

When SiC is introduced into uranium dioxide, silicon carbide partially binds oxygen from
U024+, as a result of the reactions

0,4+ 2C — 2C0; €))
| 8iC + 3CO + Si0g — 28i0,+4C. - (10)
This binding process of oxygen is accompanied by a reduction in the 0/U ratio of the

original dioxide up to the equilibrium value that is determined by the pressure Pgg from the
reaction (8).

Under nonequilibrium conditions, the interaction of uranium oxide containing alumino-
silicate additive with carbon can lead to a state described by the reactions

28i0, -+ 3C = Si_gnq+ SiOg+ 3CO; (11)
4A1,054 6C = Al gng+ ALOg+ 5AI0, + 6CO. (12)

During the occurrence of the reactions (11) and (12), isolation of silicon and aluminum
can take place in the temperature range 1300-1800°K either in vacuum or in an inert gas cur-
rent at a residual pressure of CO below 0.133 or 1330 Pa, respectively.
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DETERMINATION OF THE TEMPERATURE DEPENDENCE OF THE DEMIXING
OF AN EMULSION

S. M. Karpacheva, T. N. Shepeleva, ' UDC 66.061.5
and S. N. Mel'nikova

The process of liquid extraction ié divided into two stages: contacting of the phases
with the formation of an emulsion, followed by the separation of the emulsion into its
component phases.

In column extractors and mixer-settlers the separation of phases occurs under the ef-
fect of gravity. In multistage column extractors contacting occurs continuously during the
counterflow motion of the two phases, one of which (continuous) fills the entire volume of
the apparatus while the other (dispersed) moves in it in the form of drops which accumulate
at the interface where they coalesce. Regardless of the number of theoretical stages of
contact in the column separation occurs only once. In mixer-settlers the contacting is
effected in a differential way in each stage with forward flow of both phases. The emulsion
that is formed is then separated into two phases in the settling chambers of the apparatus,
whose number corresponds to the number of stages.

‘ The process of separation (demixing) of the phases takes place in several stages: coal-
escence of drops with each other, motion of the drops to the interface, and emergence of

i these drops across the interface into:the continuous phase., The rate of demixing is affected
by such physicochemical properties of the system as the surface tension, viscosity of the
continuous and dispersed phases, difference of densities, drop sizes (i.e., the quality of
the mixing), temperature, and the ratio of the phases in emulsions of the "oil in water"
(0/W, direct) type and the "water im o0il" (W/0, reverse) type.

The influence of the temperature on the demixing rate (vq) has not been adequately elu-
cidated although it is known that the temperature is elevated in order to improve the separa-
tion, especially stable emulsions in viscous systems (e.g., petroleumwater) [1].

The aim of this work is to determine the qualitative infiuence of the temperature on vq
of some extraction systems. Nine of the extraction systems used most often in industry were
chosen for the investigations. The extracting agent TBP, which has been used extensively
in practice (especially in the nuclear industry), was used in all the systems.

The systems studied can be divided into two groups according to the amount of extracting
agent they contain: with undiluted TBP (1007%) and with TBP diluted with synthine to a 20-25%
volume fraction. 1In each of these groups the aqueous phase was represented by a concentrated
solution (8 mole HNO;/liter), a weakly acidic solution (0.5 mole HNOs/liter), and various
salt solutions [NH,NO;, Al(NOs)s,, Na,COs].

For the investigations we used commercial TBP, which was not subjected to further puri-
fication and was identical with ordinary technical extracting agent containing impurities
that have a complicated influence on the nature of the process of phase separation. As the
aqueous phase we used solutions that were prepared on the basis of distilled water. The
systems were first brought into equilibrium, after which the physicochemical characteristlcs
of both phases and vq were determlned (see Table 1 and Fig. 1).

The work was conducted on an apparatus consisting of a laboratory impeller mixture and
a measuring cylinder of diameter 65 mm and volume 400 ml with a millimeter scale for deter-
mining the height of the layer of the emulsion. The temperature of each experiment was kept
constant by warming the initial solutlons and the emulsion being studied.

The rotational speed of the mixer paddles was chosen to be constant (700 rpm). This
made it possible, on the one hand, 'to maintain a constant energy input for emulsification
and, on the other hand, to obtain a layer of emulsion throughout the volume of the phases.

Translated from Atomnaya Energlya, Vol. 59, No. 5, pp. 366-368, November, 1985. Origi-
nal article submitted August 20, 1984,
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TABLE 1. Temperature Variations of the Physicochemical Properties of the Two-Phase
Systems Studied
Phase Phase viscosity, Faci
: density 1073 N'sec/!sn% ¥ éﬁﬁgigelal
No. System difference, viscosity
ton/m? organic aqueous g/sec? ’
I 100? TBP + 8 mole HNO,/liter 0,14/0,146 5,50/2,87 1,33/0,86. 10,64/11,32
11 100% TBP + 3.75 mole NH,NOs/liter 0.14/0,149 4.75/2.33 1.05/0,66 8.23/10.05
ITT | 20% TBP in synthine + 0.5 mole HNO,/liter 0,22/0,23. 1,74/1,08 1,00/0,60 0,98/12,64
Iv 25% TBP in synthine + 10% Na,CO; solution 0,29/0,3 1,76/1,11 1,72/0,98 9,59/11,44
% 2536 TBP in synthine + 3.75 mole NH,‘I_‘IO:,/Iiter 0,343/0,351 1,66/1,02 1,01/0,66 13,31/16,5
3%1 ggz Trgg in syn::hhme + 8 mole HNO,/litér | 0,49/0.485 1,58/0,95 1,64/0,97 14 44/1,56
in s ine + 0.83 mole A1(NO,),/ 0,356/0,373 1,91/1,63 2,27/0,834 13/13,
liter + 0.5 mole HNO,/liter (N0, )5 b/ / 12,27/0,83 11,13/13,45
VIII | 100% TBP + 0.83 mole A1(NO;),/liter + 0,174/0,182 5,99/2,62 2,26/1,31 7,43/8,69
0.5 mole HNO,/liter .
X 100 TBP + 0.5 mole HNO,/liter 0,022/0,0385 5,98/2,57 1,06/0,67 6,996/8,12

Note:
50°C.

250

i

|
Ja 40
Fig. 1.

S ANeSNN

50 7

Variation of the demixing rate and physicochemical pro-

perties for emulsions of the O/W type (a) and W/O type (b): for
notation of I-IX see Table 1; O denotes experimental data and the

solid lines represent averaged values.

The numerator gives the value at 20°C and the denominator gives the value at

The duration of the mixing of the phases for all the systems studied was 3 min, which
corresponds to the usual average time for which solutions remain in the mixing chambers of

operating mixing-settling extractors.

the position of the mixer paddles over the height of the layer.

The given type of emulsion was obtained by changing
The mixer paddles were

placed in the aqueous phase in order to get an O/W type of emulsion and in the organic

phase to get a W/O type of emulsion.

The demixing rate of the emulsions studied and the physicochemical cbmponents were

studied in the temperature range 20-50°C.

After the contacting process the mixer was switched off and vy was determined by measur- '
ing the increment of the clarified layer on a millimeter scale.

The demixing time was re-

corded with a timer and the temperature was recorded by a laboratory thermometer placed in

the emulsion.

The volume ratio of the organic and aqueous reagents was chosen to be 1:1 for all sys-
tems apart from IV and 10:1 for IV (which is applicable to soda washing of the extracting agent

“in industry).

From the data presented in Table 1 and Fig. 1 it follows unambiguously that the demix-
ing rates of the systems studied increase with increasing temperature and this dependence 1is
nearly linear; accordingly, we can assume that this dependence has the form vq = kT + b,
where k is a coefficient that is determined by the physicochemical properties of the system
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and b is a constant. This law holds for both undiluted and diluted TBP. It is conserved
in systems that contain nitric acid and various salts.

For the systems studied the total increase in vy with increasing temperature is 150-
200% for emulsions of the direct type and 40-60% for emulsions of the reverse type; an
exception is that of system I for both types of emulsions and the reverse emulsion of system
II, in which vy increases by a factor of 5-7. This law also holds for direct and reverse
emulsions; the absolute value of vq for reverse emulsions in systems I and II is substanti-
ally higher than for the direct emulsion and this is at variance with the generally accepted
view that the demixing rate of the direct emulsion 1s, as a rule, higher than that for the
reverse emulsion. ‘

The temperature affects the variation of the physicochemical properties as follows:

— The density of the organic and aqueous phases decreases slightly as the temperature
increases and ‘the change in the density difference 1s so small that its influence on vq can
be neglected. :

— With increasing temperature the interfacial surface tension increases by 5-20% and
this leads to the growth of the drop diameter [2], as a result of which vq increases.

: — Since the viscosity u of the organic and aqueous phases decreases with rising tempera-
ture and since a drop of the dispersed phase (in order to coalesce with another such drop or
with the interface) should overcome the resistance of the continuous phase, we can assume
that the viscosity of the continuous phase should play an important role in the demixing
process: a decrease in this viscosity leads to an increase in vq with decreasing u. The
viscosity of the dispersed phase affects the nature of the motion of the drop itself.

As mentioned above, in systems with undiluted TBP the demixing rate v; increases with
increasing temperature to a much greater extent than in systems with diluted (25%) TBP,
although the temperature variations of the physicochemical characteristics of these systems
differ little. A change in thé salt compositions of the aqueous phase also does not alter
the nature of the laws found.

Thus, the work that we have done demonstrates how important it is for the indicated
temperature regime to be observed during extraction; this makes it possible, if necessary,
to increase the phase-demixing rate for extractors, in particular for mixer-settlers, i.e.,
to increase the output of the apparatus over fairly substantial limits.
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|
"RADIATION DECOMPOSITION OF SURFACE-ACTIVE SUBSTANCES IN-AQUEOUS :
SOLUTIONS

M. V. Vliadimirova, V. P. Kermanov, ' UDC 541.15
I. A. Kulikov, and M. N. Maslova :

The waste water from atomic power plants contains a large amount of surface-active
substances (SAS), whose presence hinders the use of traditional physicochemical methods
(clarification, ion exchange) to decontaminate them. To date, such water has been concen-
trated by evaporation and the concentrates have been stored in special containers.

Activated-carbon sorption is one of the most widely applied methods of removing SAS
from waste water. Until recently, however, the use of activated carbon to purify waste
water on an industrial scale has proved to be ecomomically unfeasible as a consequence of
the small capacity of carbon (for SAS) and the complexity of the regeneration of "used-up"
carbon. The method of radiation destruction of SAS requires aqueous solutions of SAS to be
irradiated to large doses (10°-107 Gy) to decompose them to the maximum permissible concen-
trations (MPC); this makes the method economically impractical since the cost of y-radiation
energy is high. 1In the Institute of Electrochemistry, Academy of Sciences of the USSR,
workers have shown that the simultaneous sorption of organic substances and their radiation
decomposition by ®°Co y-ray quanta lead to the complete decontamination of waste water from
pig-breeding complexes [1]. ‘ :

In this paper we present the results of experiments on the radiation-induced purifica-
tion of aqueous solutions of anionic [e.g., sulfonol (SF)] and nonionic (OP-10) SAS, passed
through a column of activated carbon as well as data on the radiation-chemical decomposition
of SAS in aqueous solutions at pH 4-5. The concentration of SAS in aqueous solutions was
monitored spectrophotometrically [2, 3].

The results of radiation decomposition of SF in solutions without air bubbling are
given in Fig. 1. It is seen that as the y-radiation dose increases the SF concentration
[SF] decreases and the higher the initial [SF], the faster this decrease. For a given ini-
tial [SF] the decomposition rate of the SF decreases with increasing radiation dose. From
the initial segments of the dose curves 10°-10“ Gy we determined the radiation-chemical
yields of SF decomposition, G_gg. For solutions without air bubbling when the values of
[SF] are 0.03 and 50.0 g/liter, G_gg = 1.1 and 4.0 molecules/100 eV, respectively. Similar
experiments were carried out for aqueous solutions of OP-10 and they established that an
increase in [OP-10] from 0.1 to 1.0 g/liter without air bubbling causes G_pp to increase
from 0.1 to 0.8 molecule/100 eV. In the studied range of y-ray doses from 10%-10° Gy the
maximum permissible concentration (<0.5 mg/liter) for either SAS was not attained [4].

Experiments on radiation-sorption decontamination were carried out in activated-carbon
columns with volumes of 25, 500, 1300, and 14,500 cm®. The sorptivity of the activated
carbons AG-3, AG-5, and SAU was 13.0, 13.0, and 76.0 mg/em®, respectively, for SF. Since
the sorptivity of SAU carbon is more than five times that of AG carbon, subsequent work was
conducted with carbons of this grade. '

Studies were made of the sorption decontamination of aqueous solutions with different
initial concentrations of SAS. We determined how the rate at which aqueous solutions are
filtered through a column containing 1300 em® activated carbon affects the SAS concentration
in the filtrate; the filtration rate v¢ was expressed in column volumes (c.v.) per hour.

The SAS concentration in the filtrate depends significantly on the filtration rate and on
the initial [SF] (Fig. 2). The values of the maximum permissible concentration (MPC) of SF
in the filtrate for initial concentrations of 0.1, 0.5, and 1.0 g/liter are attained at fil-
tration rates<2.0, 0.1, and 0.05 c.v./h, respectively, in 10-24 h. Experiments on SF fil-
trations through an activated-carbon column, irradiated with y-rays at a dose rate of 0.3
Gy/sec, indicated that in this case the MPC of SF were attained at slightly higher values

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 5, pp. 368-370, November, 1985. Origi-
nal article submitted November 5, 1984, . :
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Fig. 1. 1Influence of the y-radiation dose (D) on the
radiation-chemical decomposition of SF in aqueous
solutions without air bubbling; 1, 2, 3) [SF] = 1.0,
0.1, 0.03 g/liter, respectively. (Here and henceforth
in the figures the dose rate is 0.3 Gy/sec).

Fig. 2. Influence of the filtration rate, the initial
[SF], and vy-ray irradiation on the SAS content in the
filtrate: 1, 3) [SFli,4¢ = 1 g/liter; 2, 4) [SFlinit =
0.5 g/liter; 5) [SFlipnit = 0.1 g/liter;0,®, and A)
data obtained without y-ray irradiation;®, x, and A)
data obtained with y-ray irradiation.
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Fig. 3. Radiation-sorption decontamina-
tion of aqueous solution of SF at a filtra-
tion rate of 0.5 c.v./h (1t is the irradia-
tion time).

TABLE 1. Restoration of the Filtering
Capacity of SAU Activated Carbon for a
Mixture of SF and OP-10

SAS conc. in fil-

Irradiation | Rediation | trate, mg/liter

: .| dose D-107",

time, h Gy . SF oP-10
0 96,0 88,0
3 0,3 12,0 14,0
7,5 08 25 3’5
13.5 15 12 2'0
30 3.2 0.5 1.0
47 501 0.6 1.0
7 7.7 0,25 1,0

of the filtration rate, viz., vf = 0.2 and 0.1 c.v./h for [SF] = 0.5 and 1.0 g/liter, res—
pectively. On the basis of these experiments we can conclude that the simultaneous irradia-
tion and filtration (in activated carbon) of aqueous solutions of SAS (SF) gives better de-
contamination than does just sorption alone. Moreover, the duration of filtration through
the column in the absence of irradiation is limited by the sorptivity of the activated carbon
while in the case of sorption with simultaneous irradiation the decontamination factors for
the removal of SAS (SF) from the carbon do not become worse. The results of these experi-
-ments are presented ‘in Fig. 3. Without irradiation a solution with an initial {SF] = 0.1
g/liter was passed through activated carbon at a rate of 0.5 c.v./h. After 120 the SF con-
tent in the filtrate reached the initial value, i.e., the carbon completely lost its sorp-
tivity. Irradiation of the sulfonol-saturated carbon led to the total restoration of the
sorptivity in 6-24 h (y-ray irradiation dose 5¢102-2+10°% Gy) and the MPC was attained in 20-30 h.
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The decontamination factors for the activated carbon were maintained for 60 days (y-ray
irradiation dose ~1.5:10° Gy). Comparison of the descending branch of the curve in Fig. 3
with that of curve 2 in Fig. 1 indicated that the radiation-sorption decomposition of SAS
(SF) is much more efficient than the radiation-chemical decomposition of SAS in solution.

Since waste waters contain a mixture of different surface-active substances, we studied
the influence of y-radiation on the sorptivity of SAU activated carbon with respect to a
mixture of SF and OP-10 (200 mg/liter). The experiments were performed in columns contain-
ing 25-1300 cm® of carbon. The activated carbon was saturated with SAS prior to irradiation.
From the results of the experiment (see Table 1) it is seen that during filtration of a mix-
ture of SF and OP-10 the filtering capacity was restored at a filtration rate of 0,2-0.5
c.v./h seven hours after the onset of irradiation at a dose rate of 0,3 Gy/sec. Subsequently
the decontamination factors for the carbon were maintained throughout the entire time of
the experiment (~100 h).

Thus, the results obtained in the experiment demonstrated the efficiency of radiation-
sorption decontamination in removing SAS from aqueous solutions.
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HYBRID RADIATION BACKGROUND MONITORING IN OPERATIONAL CONTROL AND FORECASTING
OF ENVIRONMENTAL CONTAMINATION BY NUCLEAR POWER STATION DISCHARGES

I. S. Eremeev, V. A. Eremenko, UDC 539.1.075.2.621.039.58 .
" V. S. Zhernov, Yu. A. Makarov,

V. V. Matveev, N. V. Ryzhov,

V. V. Ryazanov, and V. M. Skatkin

Rapid developments in nuclear power have stimulated research on monitoring and forecast-
ing environmental radiation pollution (ERP), and in particular the amounts, compositions, ‘and
distributions of radionuclides in the environment. In the early days of nuclear power, the
high reliability in power station equipment made it sufficient to use existing systems for
monitoring discharges in order to check obedience to permissible norms and to analyze environ-
mental samples. Improvements are required now to such systems in order to record ERP in the
regions of some multiunit power stations, and also because of increased interest in the con-
tribution of the man-made component to the radiation background, the increase in the number
of users of ERP information, and the need to provide ready-made systems for detecting emer-
gency situations. These measures involve certain costs, so one is justified in performing
a preliminary search for optimal solutions [1, 2]. :

The system has distributed parameters, so there are certain difficulties in direct ERP
measurement at many points in order to provide the required reliability (environmental moni--
toring). Radiation-monitoring stations require power supplies and equipment support, as well
as links to the central control, and access for servicing and repair. Even if the structure
is optimized, one requires about 80 detectors at least for the most unfavorable class of
stability at a distance of 4000 m from the discharge point, and the number increases rapidly
at larger distances [3], when allowance is made for the ERP detector radius of actiom, the
atmospheric stability class, the distance to the discharge source, the signaling threshold,
the exposure duration, and the length of the line joining the detectors (at the perimeter)
to the center. ' '

Translated from Atomnaya Energiya, Vol. 59, No. 5, pp..370-372, November, 1985. Origi-
nal article submitted March 29, 1985.
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Fig. 1. Conceptual model for hybrid environmental radia-
tion pollution monitoring: 1-3) central reception and pro-
cessing computers (systems for measurement, simulation,

and hybrid monitoring correspondingly); 4 and 5) mobile
local monitoring facilities; 6, 8, and 9) data-acquisition
'stations; 7) receiver for remote reception of mobile moni-
toring data; 10 and 11) units monitoring discharges and
effluents; 12) meteorological parameter monitoring; 13) cal-
culated ERP values for observing man-made part; 14) model
bank for ERP propagation; 15) output data; 16-18) software;
19) ERP data users; 20) data transmission to regional moni-
toring system; Y) radiocommunication; -) wire line.

An important factor is that one must measure man-made ERP at the largest possible dis-
tances from sources under conditions of natural radiation backgrounds exceeding the ERP by
factors of 10-100.

An alternative to measurement monitoring is model monitoring, i.e., calculating the
ERP concentration patterns on the basis of data on the size of the discharge, the inftial
distribution, and the hydrometeorological factors, which are inserted into an ERP propagation
model. Deriving reliable data in that case also involves certain difficulties because of the
incomplete data on the atmospheric state, behavior in the atmosphere of particles containing
radionuclides, and the possibility of an unmonitored discharge. An idealized or simplified
model leads to discrepancies between the calculations and the actual ERP distribution in-
creasing with distance and time if the actual particle propagation conditions deviate from
the ideal ones in the model. The complexities in model monitoring are due also to the in-
crease in the amount of input data required as one increases the scale on which the ERP pro-
pagation is considered. Also, model monitoring has heavily delayed feedback or none at all,
which is bound to affect the ERP evaluation performance [4]. There are ongoing changes in
hydrometeorological factors influencing ERP, which makes it difficult to adjust the model,
which has to be an ongoing task accompanying the monitoring.

Recently, it has been suggested that the two should be combined (measurement and models)
to make optimum use of the experimental data {5, 6). However, what one needs is not a simple
union of these methods but realistic minimization or compensation of the disadvantages in
each method separately, while making maximal use of the advantages.

Hybrid monitoring (Fig. 1) provides continuous adaptation of a model for ERP propagation
to the detailed changing conditions on the basis of local measurements.

Then when there is an emergency, the model operates in a fashion most closely corres-
ponding to the actual meteorological conditions, and the ERP data given by the model enable
one to distinguish changes due to the man-made component from random fluctuations in the
natural background.

The measurement system in general includes mobile and stationary data-acquisition fa-
cilities linked by wire or radio to the central point.

A mobile laboratory may not only make measurements but also receive data from station-
ary installations not having their own communications with the center and transmit the data
under field conditions via the special reception point at another station in communication
with the center. The measurement system receives information not only from the locality
but also from the model, which enables one to use measurements at the perimeter to identify
the man-made component [7] The system also accumulates and stores data on the radiation
environment, which are edited on the basis of the radioactive, chemical, and other trans-
formations, and it serves to control the data acquisition and the mobile facilities in accor-
dance with the processing results; it also interpolates the ERP distributions between the
monitored points and detects trends and anomalies in the ERP.
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The mobile facilities operate with data-acquisition stations not having petrmanent links
to the center and have facilities for environmental sampling, performing radiometric and
spectrometric analyses on samples under field conditions, processing the data by microcomputer,
and transmitting the results by radio or data-reception points to the center. The data-
acquisition stations are located on the basis of the local ecological features and are
equipped with continuous-runmning y-ray exposure dose rate monitors, in which the man-made
component can be distinguished from the natural background (for example, on spectral charac-
teristics {[7]); the stations also sample aeroscls on filters, collect precipitation, and
have devices for preprocessing the data and transmitting it to the center.

The computerized simulation system for radionuclide distributions (model monitoring)
contains units for generating the input data on the size, initial distribution, and spectral
composition of the discharge, as well as a system handling hydrometeorological information
on a current basis and statistically processed over a given time interval, which is required
in the simulation with the set of models for ERP propagation, which incorporate the environ-
mental inhomogeneity, the boundary conditions, the propagation scales, radiocactive decay,
and chemical and other reactions.

The compilation and analysis system compares the output data from the model with the
measurements for fixed points, adapts the model to the actual circumstances by correcting
or replacing the model from the available set, and contains a software suite for running
sequentially through the ERP models, choosing a model providing data closest to the measure-
ments, and then adjusting the model coefficients to improve the model fit to the actual ERP
propagation conditions. One should envisage a software suite also for selecting the multi-
level model most closely reflecting the ERP at medium and large distances; one needs a com-
puterized data bank on the radiation environment in the region, which can generate periodic
and one-off reports; and this should also support interaction with other data-processing
and managerial systems requiring ERP information or with systems providing additional infor-
mation on the radiation environment and the associated factors in the region.

This conceptual model combines the methods and means of simulating ERP propagation, the
methods and means of monitoring the actual ERP distribution, methods of distinguishing man-
made signals from the natural radiation background to provide a given reliability in the
processing results, and in particular means of periodic model adaptation from the measure-
ments. One way of optimizing the adaptation is described in [8]. The calculations for
points at which the system checks against the measurements are used with the measured values
as corrected for short-lived nuclide decay, washout, precipitation, transport time, and
actual meteorological conditions; the comparison is made in order to check the model accur-
acy. If the discrepancies in a locality exceed a limit, the system directs model editing,
which may involve adjusting individual coefficients or altering the model structure as a
whole. The editing is performed in two stages: in the first, one uses the old calculations
on the concentration pattern, when the model is adjusted to certain input data, while in
the second stage, the calculations are based on the new data and checked against the latter.
The process can be iterative, with the model adjusted after the second stage in each cycle
by trial and error or by Monte Carlo methods.

The purpose of hybrid monitoring is ultimately to analyze trends in order to detect
elevated discharges and thus to output data to the regional monitoring system.
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CHARACTERISTICS OF THE PROPAGATION IN THE GROUND LAYER OF THE ATMOSPHERE
OF THE RADIONUCLIDES EMITTED DURING THE REGENERATION OF FUEL ELEMENTS

I. N. Ruzhentsova, R. V. Semova, ‘ UDC 004,86
E. N. Teverovskii, and I. A. Ternovskii

When depleted fuel elements are regenerated, long-lived radioactive substances in gas-
eous and aerosol form are discharged into the atmosphere. The scattering of radiocactive
gases (for example, °°Kr) in the ground layer of the atmosphere is governed by the known
laws of turbulent diffusion for a weightless impurity. The range of sizes of radioactive-
aerosol particles entering the atmosphere is fairly broad: together with fine particles,
there may also be coarse particles discharged into the atmosphere, and this leads to the
appearance of substantial rates of gravitational deposition onto the surface of the earth.
It is therefore of interest to investigate the characteristics of the scattering of dis-
charged radioactive aerosols in the ground layer of the atmosphere, i.e., the distribution
of the dilution factors and deposition rates at various distances from the source.

When the discharge is continuous, the dilution factor k_ is the volume of aif miecessary
for the scattering of an impurity discharged by a source per unit of time divided by the
corresponding value of ground concentration: k, = Q/C, where Q is the rate of discharge and
C'is the ground concentration. The dilution factors were found from the data of simultane-
ous measurements of the discharge rate and the concentrations of radionuclides in the ground
layer of the atmosphere, which were determined by selecting specimens of atmospheric air in
an emission jet at a distance of 0.8-12 km from the source. The rate of discharge into the
atmosphere was measured by selecting specimens of aerosols from a gas-and-air mixture leav-
ing a ventilation pipe 150 m high. The radionuclide composition of the aerosols was deter-
mined by means of a gamma-spectrometric apparatus. In the collection of the atmospheric-air
specimens, the meteorological parameters (wind velocity at heights of 2 and 10 m, temperature
difference between the heights of 4 and 1 m) were measured continuously in the jet. The re-
sults of the meteorological observations were averaged over the period of measurement of the
ground concentration (0.5-3 h), and this was followed by calculation of the average over that
interval of the value of the parameter 5, which served as a criterion of the stability of the
ground layer of the atmosphere [1]: 3 = gH'AT/(Tu,?), where g is the acceleration of gravity;
T is the average temperature in the ground layer of the atmosphere; AT is the difference be-
tween the temperatures at heights of 4 and 1 m; u» is the wind velocity at a height of H' =
2 m.

In evaluating k,, it must be borne in mind that the radioactive-substance content in
the ground layer of the atmosphere in the direction of the prevailing winds may be caused
not only by the discharge but also by the action of the windblown migration of aerosols
from previously contaminated areas of ground surface. The contributions made by these fac-
tors depend not only on the rate of discharge and the density of surface contamination but
also on the combined influence of the meteorological conditions (thermal stratification of
the ground layer of the atmosphere, wind velocity) and the condition of the underlying sur-

Translated from Atomnava ﬁnergiya, Vol. 59, No. 5, pp. 373-375, November, 1985. Origi-
nal article submitted August 3, 1984.
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TABLE 1. Dilution Factor of Radioactive

Aerosols
State of Distance | Dilution factor, m3/sec
thermal from - -
stratifica- | source, aerosol Welghgless
tion km impurity [3]
Very unstable, 0,8—1,8 (5,6—15) 1ub (3.6—Y9.,5) 105
or unstable
Neutral 2.6—5,2| (4.2=-22108 (3,3—12) 108
Stable, or ’ 612 (3.6—15) 108 (3,9—14) 108

very stable

TABLE 2. ~Rate of Deposition of Radio-
active Aerosols

‘Distance
from 10630 137Cs 1Ce
source,
km
0,3 ,6—8,0 0,8-—6,4 0,8—8,3
0,6 0,6—2,3 0,4—11 0,5—4,3
0,9 0,2—1,8 0,6—3,9 0,4—1,9
1,6 0,1—0,9 ,4—2,0 0,3—2,3
2.1 0,2—1,8 0,4—0,9 0,7—3,5
3,5 0,1—0,7 0,8—3,5 0,4—2,4
5,0 0,3—0,6 0,3—2,1 0,8—1,2
10 0,2—0,8 1,8—3.0 1,8—-2,2
20 - 0.5—0.7 0,7—1,0 1,0—2,3

Note. At distances of 0.3-0.6 km from
the source, the 10-day average wind
velocity at a height of 10 m is u,0 =
2.0-6.7 m/sec, the amount deposited is

h = 3.0-30 mm; at distances of 0.9-20 km
from the source u;o = 3.5-5.5 m/sec, h =
8.0-47 mm.

face (presence of grass'cover,.soilimoisture). The component of the ground concentration
that is due to the discharge into the atmosphere (Cq) can be estimated as follows [2]:

“ 8 . . 85— O
Cor= 5 (Ce=C o) 55
. b= 5 0 g Le—Ob). . &
. T o=, T G —Cpe
Cqi0s
CQZ: %11(‘-5’

where Co is the experimental value of the ground concentration; Cp is the concentration .
caused by the overall background; ¢ is the density of the contamination on the earth's sur-
face; the subscripts 1 and 2 refer to different radionuclides whose scattering in the ground
layer of the atmosphere is governed by the same laws (such radionuclides are primarily iso-
topes). :

By using the formulas (1), we can determine the dilution factors for aerosols at differ-
ent conditions of thermal stratification of the ground layer of the atmosphere for an averag-
ing time of 30 min (Table 1). To pass from other measurement periods to the 30-min period,
we used the empirical relation [3]

L1l

(.{,(r]) (1:.: )0.2,

Cofty

(2)

where C, and C, are the values of the ground concentration for the averaging periods 71, and
T,, respectively.
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TABLE 3. Ratio of the Minimum Dilution
Factor of Aerosols to the Minimum Dilu-
tion Factor of a Weightless Impurity

State of thermal
stratification o’ km kp"miu/kpmm
Moderate instability 1—1,2 . 0,6—1,0
Neutral state 2,5—3,6 0,4—1,0
Weak or moderate in- 2,7—6,0 { 0,1--0,6
version .
Strong or moderate 4,4—10 0,1—0,6
I inversion : .

Note. The first values are given for a
deposition rate of 10 cm/sec, the second
values for 1.3 cm/sec.

At distances of 0.8-12 km from the source, the dilution factors of the radioactive
aerosols and the weightless impurity differ within the limits of error of the determination
(S40%). Thus, at distances >0.8 km the contamination of the ground layer of the atmosphere
is caused primarily by the radioactive particles, which do not have any practically appreci-
able rate of gravitational deposition and are scattered in the atmosphere under the action
of turbulent diffusion. This conclusion is also confirmed by the data of measurements of
the deposition rate of radioactive aerosols at distances of 0.9-20 km from the discharge
source.

The rate of deposition onto the ground surface, v, was determined from the results of
simultaneous measurements of the ground concentration and the density of precipitation of
aerosols onto the surface of planchettes made of FP fabric set up at control points at dis-

tances of 0.3-20 km from the source (Table 2):

v=0"/[Ce— C1) At], (3

where ¢' is the density of contamination of the planchette surface; At = 10 days is the
pericd of observation,

As can be seen from Table 2, within the range of 0.9-20 km from the source the rate of
deposition is practically independent of the position of the measurement point and the type
of radionuclide. In this range there is no clear dependence of v on the meteorological
characteristics. The average value of the rate is 1 * 0.2 cm/sec. At distances <0.6 km
from the source the rate of deposition may be considerably greater than 1 cm/sec,. and this
is due to the presence of larger aerosol particles in the solid or liquid phase (the latter
include, for example, condensate droplets). The deposition of these aerosols is influenced
not only by the turbulent displacement but also, to a considerable extent, by gravity forces
(the error in determining the rate was < 45%).

The results of the measurements of the dispersed state of the aerosol particles in the
ground layer of the atmosphere obtained by means of a multicascade impactor showed that at
distances >1 km from the source of the discharge the contribution made by particles with
diameter =8-10 um is about 20%.

i For the estimate of the minimum dilution factor of the deposited impurity, kPVmin’ we
can use the relation kpvmin = kpminﬁp(v), where kp n is the minimum rate of dilution of the -
weightless impurity; ¢ (v) is a dimensionless function of the parameter viv = v/(Bu) (B is

the vertical-scattering parameter, which depends on the state of thermal stratification of
the ground layer of the atmosphere; u is the average wind velocity in the layer from 0 to

the height of the discharge source). The function ¢(v) in the general case is determined in
accordance with the numerical solution of the equation of turbulent diffusion for the deposi-
:ted impurity [1, 4]. For the same deposition rate, the values of k vmin are different, de-
pending on the intensity of the turbulence. For the zone of minimum dilution (maximum con-
centration) we have ¢ >> 1, and for greater distances ¢ < 1. TFor a deposited impurity the

zone of minimum dilutiom, Xymin® 18 situated closer to the source of height H than for a.
‘weightless one [1]:

943

Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070005-0




Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070005-0
=H/I|B@24-v)] v, ’
[qu( Mo v>1, (4)

Z. p
Pindn

mln

where f(v) is a dimensionless function of the parameter v, which, like ¢(v), 1s determined
by starting from the solution of the equation of turbulent diffusion. According to Stokes's
law, which defines the rate of deposition of spherical particles as a function of their
radius, rates of 1.3 and 10 cm/sec are characteristic of particles with diameters of 20 and
50 um, respectively, for a density of 1 g/cm®. As can be seen from Table 3, as the meteoro-
logical conditions change from moderate instability to a neutral state, the minimum values
of the dilution factors for a weightless impurity and for aerosols with a dep051t10n rate of
10 cm/sec differ by a factor of about 2-2.5.

The presence of inversion conditions in the atmosphere leads to a decrease of kpyyi, in -
comparison with a weightless impurity by a factor of up to 10. For a deposition rate of
1.3 cm/sec” the minimum values of the dilution factors of aerosols and of a weightless impur-
ity differ by a factor of no more than 2 under stable conditions, while for other states of
thermal stratification they are practically equal.

In conclusion, the authors wish to express their gratitude to M. V. Ashanin and V. N.
Solov'ev for their assistance in carrying out the experimental work.
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POSSIBILITY OF DETERMINING NﬁCLEAR-FUEL CHARACTERISTICS BY MASS
SPECTROMETRY WITHOUT CHEMICAL SEPARATION OF THE ELEMENTS

V. V. Kalygin, V. Ya. Gabeskirya, uDnc 621.09.54:539.128.4.144:539.166.3
and V. I. Borisenkov

In order to correctly organize the fuel cycle of a nuclear power plant, it is necessary
to know such characteristics of the spent nuclear fuel as the burnup and the content of
transuranium elements in it. The mass-spectrometric method of isotopic dilution is used to
determine them accurately [1]. As a rule, in performing such measurements, a three-ribbon
ion source, which requires a sample of very high purity, is used. Since the relative con-
tent of the series of analytes in it is low while the content of external impurities is
high, the elements of the sample must be chemically separated [2].

The process of chemical separation of the analytes is laborious and can distort the
results of the analysis. Thus it has been established that when neodymium (*2 pg) is chemi-
cally separated from the fuel sample with the help of a 1 x 8 (0.3 g) Dowex ion—exchange
resin, it is contaminated by "4+10"? ug of natural neodymium.

The ion source with surface ionization in a partially closed cavity [3], developed for
the mass spectrometer, not only substantially raises the sensitivity of the device when
working with transuranium and rare-earth elements, but it also enables the analysis of mix-
tures of these elements with a high salt content as well as the determination of the charac-
teristics of the spent fuel without chemical separation of the elements [4].

Thus we studied a sample of spent fuel, cut out of the center of a fuel cell of the
RBMK-1000 reactor and dissolved (without removing the jacket of the fuel cell) in nitric
acid. To perform the isotopic analysis of U and Pu as well as of the fission products of
Cs, Ce, and Nd, used as monitors of fuel burnup, we extracted from the given solution an
aliquot containing 5 ug of fuel, which we placed into the evaporator of the ion source,
where we evaporated it to the point of dryness.

In performing the mass-spectrometric analysis, while increasing the temperature of
the evaporator we successively recorded the following groups of mass spectra: Cs, Ce, and
‘Nd and their oxides, Pu, and U. The mass spectrum of Nd and Ce contains peaks with the same
mass numbers. During analysis the Nd ion current substantially exceeds the Ce ion current,
and the reverse ratio is observed for their oxides. Taking this into account, we calculated
by the method of iteration the isotopic ratios of Ce and Nd. We calculated the first approx-
imation for the ratios '“?Ce/'“°Ce and *““Nd/'“>®Nd from the mass spectra of the oxides and
of the atoms, respectively; while for *“*Nd/'“°Nd and *““Ce/'“°Ce we calculated the first
approximation using the above-obtained ratios and values in the mass spectra of the inten-—
sity of the currents of the ions *“°Cet and !““Ndot. We did not take into account the con-
tent of the nuclides '“®Nd and '®°Nd, because Sm, which has the same isobars, was present
in the sample.

We recorded the Pu spectra after the ratio of the intensities of the currents of the
ions 2“%Am* and ?“'Put (Am is more volatile) dropped below 0.0l as the temperature of the
evaporator was raised. In this case, within the limits of error of the measurements, the
presence of Am in the sample did not affect the results obtained.

In recording the mass spectra of Cs and U we did not observe the superpoesition of
peaks of other elements. Even in this case, however, we monitored the absence of isobars
of impurities according to the peaks on neighboring mass lines and according to the con-
stancy of the isotopic ratios calculated.

To determine the content of U and Pu and of fission products in the spent fuel, we
added a complex marker, containing a known concentration of the nuclides U, Pu, Cs, Ce, and

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 5, pp. 378-379, November, 1985, Origi-
nal article submitted April 2, 1984.
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TABLE 1. <¢{ontent of Some Nuclides in the TABLE 2. Burnup of the Fuel Sample, %
Sample of Spent Fuel

Mais fraction
relative to ) Analysis
Element |yranium in the ﬁfﬂs) er ?i‘;it jon, % Burnup monitor
spent fuel, ’ 4 1 9
x1072 :
i 234 0,0096 (1) * -
! oy 133Cg
: ; 235 0,545 (7) o — 1,58
U 0o 236 0,204 (5) 197Gy — 157
z 238 99,240 (7) - "Ce 1,68 1,56
142Ce 1,59 1,48
o 239 54,2 (3) 143N - 144Nd 1,51 153
Pu 0,437.(8) * | o 32,; éf; 145Nd + 146Nd 1,50 1,58
: 242 3,80 (5)
: 133 48,0 (6) ;
Cs 0,210 (4) 134 0,519 (3) Average burnup 1,55 (4)
: ! : 135 11,38 (4)
: i 137 40,11 (54)
: 140 53,3 (2)
Ce 0,184 (4) | - 142 46,4 (2)
i t 144 0,30 (7)
; 142 0,6 (2)
! 143 23,7 (4)
Nd 0,263 (5) 144 37,6 (3)
: i 445 2,1(2)
146 18,04 (13) :

*Here and below the statistical error,
corresponding to a confidence probability
of 0.95 and referring to the last signi-
ficant numbers of the corresponding quan-
tity, is presented in parentheses.

TABLE 3. Characteristics of Burnup of
a Sample of Spent Mixed Fuel from the
BOR-60 Reactor

Mass >fraction of nuclides- réla-
Analy-_tive to uranium Fuel burn-
sis Pu 145NQ+ 4 146Nd, x10-2 |UPs %

1. ] 0,220 (4) 0,838 (8) 9,5 (1)
2 | 0.297 (3) 0,835 (7) 935 (7)
3 | 0,234 (5) 0,840 (9) 9146 (14)

Nd, to the aliquot of the starting solution, containing n3:10% g of fuel. For analysis on
the mass spectrometer we extracted a sample containing 0.1 ug U.

~ Table 1 shows the results of the measurements of the isetopic composition and mass of
some elements accumulating in the fuel (relative to uranium). We used these data to calcu-
late (using the method of heavy atoms [1]) the burnup of the nuclear fuel and the contribu-
tion of fission of heavy nuclides 23%U, 2°°y, 2°°Pu, 2“'Pu to it. Using the values of these
contributions, we calculated a more accurate value of burnup based on the accumulation of

fission products [1] (Table 2).

Using the same method we determined the characteristics of the spent mixed fuel of the .
BOR-60 reactor. To determine the isotopic composition of U, Pu, and Nd, we loaded 2 ug of :
fuel into the evaporator, and to determine the required isotopic ratios we loaded “C.1l ug .
of the fuel mixture with the marker. Because of the peculiarities of the neutron spectrum
of the fast reactor (BOR-60), we determined the burnup only from the total accumulation of
1434 and '“*Nd. To calculate the effective yield of *“°Nd and '“°Nd (with fission of the -
nuclei in the fuel), we calculated the relative fraction of the fissions of each of the
heavy nuclides on a computer. In doing so we used the experimental and computed values of
the ratios of the nuclide-neutron reaction rates [S, 6]. The error in the determination
presented in Table 3 is the random error, characterizing this method of measurement; its
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total value is determined taking into account the error in the yield of the fission products
of '“*Nd and *“*Nd (5%). - : '

It has thus been shown that the use of an ion source with surface ionization in a par-
tially closed cavity enables determining the basic characteristics of the spent nuclear
fuel without purification and chemical separation of the fuel elements from the sample.

As a result, the labor involved in the method drops substantially, the speed of the
measurements increases, and errors introduced by contamination of the samples during separa-
tion and purification, are eliminated. The amount of high-activity sample required for
determining the fuel characteristics is at least two orders of magnitude smaller than re-
quired for the three-ribbon ion source. The full complex of measurements can be carried
out with a “10-pg fuel sample.
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SYSTEM OF COMPUTATION OF THE REACTIVITY BALANCE FOR THE BOR-60 REACTOR

V. N. Efimov, S. N. Eshchenko, -UDC 621.039.514
V. A. Kachalin, A. S. Nikol'skii,
and V. N. Pridachin

One of the most effective techniques of diagnosing the state of a fast reactor involves
computation of the reactivity balance (CRB). It is widely used abroad and gave satisfactory
results in the course of experiments with a breadboard model of the CRB system on the BOR-60
reactor [1]. An abnormal reactivity Pa can be determined by solving the reactivity-balance
equation

Pa=('x—Pe— b (l)

where pp is the total reactivity at the reactor as determined from the equations of the
point kinetics; pe, reactivity which is due to a change of reactor parameters and to a con-
trol-rod displacement; pp, reactivity which is caused by a change of the nuclide composi-
tion and by fuel swelling.

For detecting failures related to the melt-down of a fuel assembly (FA) [2], monitoring
of abnormalities preceding the melt-down (blocking of FA and sodium boiling) must be pro-
vided for. A change of reactivity in BOR-60 due to these abnormalities is (1-5)°10~° Ak/k.
On the other hand, uncorrelated fluctuations of reactor parameters and of sensor signals
lead to reactivity changes as high as 0.6-10-® Ak/k [3] in the frequency range of 0.01-5 Hz.
This value specifies a limiting sensitivity which should be aimed at when developing a CRB
system. _

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 5, pp. 379-381, November, 1985. Origi-
nal article submitted December 7, 1984; revision submitted March 4, 1985.
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Fig. 1, Block diagram of the CRB system.

The principal requirements to a CRB system are high sensitivity to abnormalities which
depends, in an instrumental sense, on the sensitivity as well as on the performance stability
of sensor-signal transducers in the frequency range 0-10 Hz, and a functicnal flexibility
which allows a refinement of the program and of computational parameters for a particular
reactor. The systems based on digital computation of the reactivity balance meet these re-
quirements to a large measure. The use of a computer common to the whole power station for
CRB in real-time operation mode is, however, limited due to a relatively long sensor-interro- .
gation cycle time (seconds). ;

Taking into account this limitation, a digital CRB system has been developed using a
standard Soviet made special-purpose control computer "Electronika D3-28" as the base. This
desk-top minicomputer combines high-precision computation by decimal arithmetic (12-digit
mantissa, 2-digit order) and a sufficiently high speed of binary operation (addition time
for two-byte format numbers is 0.12 msec) with ease of programming. Input—output equip-
ment of the system has been made in conformity with the "Vector™ standard. Its structure
makes it possible to build up the system by adding blocks, e.g. for the organization of a
communication channel with a computer common to the whole station. In addition to the ab-
normal reactivity determined from Eq. (1), it calculates also the reactivity pp [4], the
reactivity margin py in safety and control rods, reduced to reactor nominal parameters
(pm = Pk —-pe), and the reactor energy production W. These characteristics are of an in-
dependent importance for the reactor operation as they make it possible to provide for the
calibration of safety and control rods and for the prediction of the reactor operating per-—
iod between fuel rechargings.

The signals of standard sensors of the flow rate, temperature, neutron power, and the ;
outputs of the four synchro pickups of safety and control rod position after the correspond-
ing conversions enter the analogous inputs of a measuring unit. The signals are amplified,
filtered, and fed to the input of an A/D-converter in succession (see Fig. 1). Output in~-
formation of the A/D converter enters the on-line storage of the measuring unit and is fed
to a check—code former, Data array is set into the computer, along with the check
code, on completion of the measurement cycle. A possibility of connecting check signals to
the inputs of signal amplifiers is provided for the calibration of transduction channels as

well as for the elimination of a measurement-error component caused by level drift and by an .
" amplifier-gain change. The connection of check signals to the inputs of the amplifiers can '
be accomplished on computer command ‘or with the use of toggle switches on the front panel of
the unit. A check of the reactivity-measurement channel is accomplished by applying to the
input of the amplifier of the ionization-chamber current a signal which simulates a stepped
variation of reactivity by 0.1B (B is an effective delayed-neutron fraction). The operator
also specifies, by means of toggle switches the reactivity-balance computation step, the gain
of the amplifier of the ionization-chamber current (automatically or by hand) and the para-
meter which must be read out from the A/D converter output and represented on the binary dis-
play of the measuring unit.

The programmable amplifier of the ionization-chamber current has been made on the basis
of the direct current amplifier 70IML18 of the microminiature module type. The amplifiers
of the output signals of thermoelectric temperature transducers and of magnetic flowmeters
have been assembled from operational amplifiers K816UD1G. At the output of each amplifier,
there is a rejection filter tuned to 50 Hz. :

Computed values of py, pys W, and py can be delivered to a display unit or to recorders
" through a block of D/A converters. The display unit comprises two decimal digital displays
made of light-emitting cells AL304B (number format: mantissa sign, 3-digit mantissa, order
sign, 2-digit order). Each display has a switch enabling the operator to specify the compu-
tational parameter whose value is to be read out of the computer and represented on the dis-
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play. The highest possible number of parameters for each display is 20. On the front panel
of the display unit, there are also two switches for choosing scale values of recorders in
terms of reactivity for readout of values p, and py.

The D/A converter unit comprises four D/A converters built on the basis of integrated
circuit K572PA1A. The data entering the unit from the "Vector" framework channel are
checked by comparing the check code formed within the unit when receiving the data with the
computer check code. When the check codes are not identical the data are not received by
D/A converter registers, and an interrupt signal enters the computer.

The controller provides the communication between the "Vector" framework channel and
the Electronika D3-28 computer, performs the parity check of control words, and generates
signals from the functional units of the system. Below is a summary of the basic technical
characteristics of the system:

Input current of the amplifier of the

ionization-chamber current, A.....cececeeerececes .107*°-10"3
Signal range of:

thermoelectric temperature transducers, mV...... ceenss0-24

magnetic flowmeters, mV......cc00.n tesecsarsensessssas0-8

safety and control rod-position transducer, V......... 0-5
Reactivity-balance computation steps, sec ........ 0.2; 0.4; 0.8
Quantity of recorder scale values specified

by the operator before measurementS...ccceeeeceeresaoss .9

The CRB system has been on trial operation on the BOR-60 reactor for two years. The
tests have shown that the real sensitivity to abnormal reactivity changes in the rated reac-
tor operating conditions is (1-2)°10"> Ak/k. The main contribution to the error is the am-
biguity of reactivity effects and their variation with time which requires a correction of
the coefficients introduced into the system at intervals. In 10 days of reactor operation,
the following factors cause nonanomalous reactivity-balance changes, Ak/k:

Temperature at the inlet........... P ¢
Coolant—flow rate...ceeeeeesssesssssssssesne 0
Reactor dynamicS..veesveceasssssssnassosssscs 0.
Safety and control rod position.............0
Electronic equipment...ceeeeeecessenssansens o]

Reactivity changes have been recorded to be as high as 5°10~° Ak/k, both quick (seconds)
and slow (tens of minutes, hours). An analysis proved the abnormal character of variations,
but failed to identify the abnormalities for lack of correlation with the data of the stand-
ard monitoring systems due to their relatively low sensitivity. The low variations recorded
suggest that there were no such abnormalities as sodium boiling or FA "floating-up" in the
reactor. There were nonanomalous reactivity variations, sometimes as high as (10-15)-10"°
Ak/k, due to big reactor-parameter changes (when the rated power was attailmred or the reactor
was shut down). Against this background, only sufficiently big abnormalities can be detected.
To obtain more sensitive and reliable diagnostics of abnormalities, a continuous comprehen-
sive monitoring of the BOR-60 reactor state has been planned, using the noise diagnostics
and measurements of thermal and hydraulic characteristics [5] as well as the fuel-element
containment monitoring system now in use on the reactor in addition to CRB methods.
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INFLUENCE OF NEUTRONS ON THE ROTATION OF THE POLARIZATION PLANE
OF QUARTZ

I. Kh. Abdukadyrova UDC 553.621:535.568

In this work we continue the investigations started in [1] on the influence of fast
neutrons on the rotation of the polarization plane and the phase state of single crystals
of artificially grown quartz; the aim of this work at higher neutron fluences ¢ ranging
from 6-10'? to 6°10%° cm~? is to elucidate the mechanism of reactor-radiation-stimulated
change in the crystal structure and to make the measuring limits of the recommended neutron
" detector more precise and to extend them.

Over the entire range considered, ¢ = 1°10'°-6-10%° cm™2, the dependence Aag,/ag, =
f(®) (Fig. 1) has a complicated form and can be represented by a sigmoid curve with an induc-
tion period. The ratio Aag, /agp = (aspalrr)/as is the relative change in the rotation of
the polarization plane, where a2, and airg are the specific values of the rotation of the
polarization plane (per unit thlckness) of unirradiated and irradiated crystals, respec-
tively (for X = 589 nm). Indeed, according to the experimental data, the kinetics of the
process by which the crystal loses its ability to rotate the polarization plane at first
develops at a very slow rate, then increases sharply, and reaches saturation at ¢ = (1.3-2)°
10%° cm™2%; this is consistent with an individual result of {2] and confirms the transition
of the substance to the amorphous (metamict [2]) state because agp = 0 and further irradia-
tion of the specimen to ¢ = 6:10*° cm~? does not affect the measured value of the optical
signal. A parallel study of the kinetics of the process of rearrangement of the crystal
structure of quartz, which was made by measuring x-ray scattering [3] as well as aép, proved
to be very informative because it enabled us to establish the existence of a mirror reflec-
tion of both radiation kinetic dependences Ao = f(¢) and 14 = f(%) and to reveal the pic-
ture of the nucleation and growth of the noncrystalline modification of quartz.

In view -of this and the lack of reliable experimental data about the quantitative change
in the crystalline modification of quartz during irradiation in a nuclear reactor, we estab-
lished the following preliminary values on the basis of the ag, values found and assumption
about the existence of a two-phase state in neutron-irradiated quartz. For fast-neutron
fluences of (0, 1, 2, 4, 5, 7, 8, 9, 11, and 20)°10'° cm™*® the concentration of the crystal-
phase in the reactor-irradiated quartz was (in %): 100, 99, 98, 83, 72, 43, 30, 5, 4, 0,
respectively. As is seen, the concentration of the crystal phase is a nonmonotonic function
of the neutron fluence (this 1s indicated by the variation of I1n and np).

To ascertain the nature of the process of radiation-stimulated transformation of the
crystal structure of quartz we carried out a mathematical approximation of the determined
behavior of the function Aagy /Aadp = £(®). Analysis showed that the entire process of varia-
tion of the neutron fluence from 1 10‘9 to 2:10%° cm™? can be divided into three stages,
whose kinetic curves are approximated by the power law Nj = KiQCi, where K{ and tj are the

Adsp“

0
%sp
ant

as0t
a2t

? a-ce’ |
0" 777, cm™2

Fig. 1. Influence of fast—neutron fluence on the
relative change in the rotation of the polarization
plane of crystalline quartz.

Translated from Atomnaya énergiya, Vol. 59, No. 5, pp. 381-382, November, 1985. Origi-
nal article submitted January 28, 1985. . :
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TABLE 1. Results of Neutron-¥luence Measure-
ments by Solid-State (¢,) and Threshold (¢3)
Detectors

Reactor

: Power of 18 18
opegatlng apparatus , ¢l3 10 QZJ 10 QoD
regime (No. | vy | em™~2 em-2 2Dy
of cycles) |

6 4.4
10 16 1
10 4.5
9 9

1 0,84
0,88
0,91
0,80

Bl Al
] R
-

rate constant of the process and the exponent of the power law for each of the stages,
respectively, and N; is a reduced optical parameter that characterizes the fraction of non-
crystalline phase formed. The particular values of the constants can be determined from

the experimental relations. The calculations performed led to the following values of .the
exponent t; for each stage of irradiation: t, = 0.73 (¢ = 5-10'%-2:10'% cm™?), t, = 2.30

(¢ = 2.10°%-9-10'° em~2), and t; = 0.07 (¢ = 9:10'°-2-10%° em~2). As is seen, fairly opti—-
mistic relations were obtained between the signal recorded by the detector and the integrated
flux of fast neutrons over the entire range of fluence up to 2:10%°® cm™?; this simplifies
calibration and enhances the reliability of the given detector.

Thus, simple estimates have shown that N, = K,¢°’7, N, = K,02*2, and N3 = K30°*' for
i = 1-3. On the basis of the experimental results obtained and the concrete form of the
functions Ny we can hypothesize the existence of an incipient two-stage mechanism of amorphi-
zation of the structure. Moreover, the presence of a nearly square-law dependence of N(9)
on Ijp and o in the second stage ¢ = (4-9)°10'° em~* for the radiation effect supports this
conclusion and characterizes the feasibility of the formation of a groewing nucleus of the
amorphous phase near ¢ = 4:10*7 cm™?.

Besides this we carried out an experiment on the use of a detector to obtain information
about the fast-neutron fluence during prolonged continuous operation of the VVR-SM water-
moderated—water—cooled reactor at the Institute of Nuclear Physics, Academy of Sciences of
the Uzbekh SSR for E = 3 MeV (see Table 1). For comparison, Table 1 gives the values of the
fluence that were calculated from the activation integrals that had in turn been obtained on
the basis of threshold detectors (*“Fe), irradiated simultaneously with plates of a-quartz,
for the same neutron energy. The values of ¢, and ¢, obtained for the corresponding actual
conditions of the experiment were very similar. This, together with a number of advantages
possessed by the solid-state system, can attest to the advisability of using the solid-state
system for prolonged materials-science investigations.
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PLUTONIUM CONTENT OF SOILS IN THE SOVIET UNION

F. I. Pavlotskaya, Z. M. Fedorova, UDC 546.799 .4:631.41
V. V. Emel'yanov, B. F. Myasoedov,
and I. G. Vodovozova

With the further development of nuclear power and of environmental protection, increas-
ing attention is being given to the assessment of the radiation situation caused by the
presence of plutonium, whose long-lived nuclides are among the most significant from the
biological standpoint [l]. It is important to know the background concentrations of pluton-
ium on the earth's surface due to global radiocactive fallout resulting from the conduct of
experimental nuclear explosions and the crashes of air or space vehicles carrying nuclear
power units [2, 3]. Data on the plutonium content of soils in a number of countries are
known today [2-17]. The purpose of the present study is to obtain similar information for
the soils of the Soviet Union.

Specimens of a number of types of virgin soil were collected in July and August of 1982
in open areas down to a depth of 15 cm. The plutonium content was determined by a radio-
chemical method [18], using 50-g weights of soil; the radioactivity was measured by means of
a low-background alpha flow counter (counting efficiency was about 437, and the background
was 0.07 + 0,017 pulses per minute) and an ionization chamber containing a circuit with a
500-channel LP-4050 analyzer (counting efficiency 32%, background 9.8°10"° pulses per minute
at a threshold of 100 keV and a peak of 5 MeV). The detection limit was 1.7+107° Bq.

The average specific activity of **°Pu and *“°Pu in the soils of the Soviet Union was
1.15 Bq/kg of air-dried mass, or 188 Bq/m®. Theaverageand]jndtingvaluesobtainedforthepluton—
{ium concentration in the surface levels of USSR soils are close to the data for other
Northern-Hemisphere countries (see Table 1). This indicates that the contamination of the
soil cover originates in global radioactive fallout.

We found that the plutonium content of the soils and its distribution are influenced by
a number of natural factors: location, type of soil and gemetic structure of the soil pro-
file, type of vegetation, etc. Thus, like the thoroughly studied nuclides of strontium and
cesium [19], the minimum amount of plutonium was found on slopes, a higher amount in water-
sheds and low-lying parts of the landscape (the profile extended about 40 m). 'In soils with
a thick layer of turf and occasional growths of gramineous plants the maximum plutonium
content is observed in the soil layer down to a depth of 3 (5) cm. If there are no such

growths and the turf is not strongly developed, the plutonium becomes concentrated in the
upper part of the humus layer.

Thus, taking account of the influence of natural factors on the amount and distribution
of plutonium in soils, we must ascertain the laws governing the behavior of this element un- -
der specific landscape and geological conditions and take them into consideration in assess-
ing the radiation situation.

TABLE 1. 232°Pu and ?“°Pu Content of the
Soils of Northern-Hemisphere Countries

Activity.
Country Source
Bq/kg Bq/m?
USSR 0,55—2,67 7h—414 |Present study
data

FRG 0,23—1,15 — 114
Denmark — 23—67 151
Italy 0,50—2,37 | 159—537 16]
Austria 0,23—6,73 44566 2]
Japan 0,15—1,80 55—131 117
USA — 63—192 [8—11, 13}

Translated from Atomnaya énergiya, Vol. 59, No. 5, pp. 382-383, November, 1985. Origi-
nal article submitted March 20, 1985.
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TLD MONITORING OF EMERGENCY GASEOUS FLSSION PRODUCT DISCHARGES
FROM NUCLEAR POWER PLANTS

I. A. Bochvar, T. I. Gimadova, ' UDC 539.1:535.377
A. A, Drozdov, I. B. Keirim—Markus,
V. A. Kiyazev, and N. A. Sergeeva

A major task in emergency dosimetry at nuclear power plants is to measure discharges
of radioactive gases and aerosols through the stack. In emergency situations, rapid dis-
. charge estimation provides valuable information on the scale of the emergency and the radia-
tion hazards.

A simple method is to determine discharges by TLD, which was sﬁggested in 1975 by
V. A. Knyazev at the Kurchatov Atomic Energy Institute. A similar method was developed
later [1] for monitoring radioactive air discharges from high-energy proton accelerators.

Since 1975, we have made measurements on the VVR-2 {2] by using IKS TLD [3]. Ten
detectors of diameter 8 mm and height 1 mm made of IS-7 glass were arranged around the dia-
meter of the extraction stack of diameter 0.8 m and height 41 m at the level of 20 m, for
which purpose a special hole was made in the chimney wall. The detectors were in cassettes
sealed into polyethylene film jackets and were placed at various distances apart. The IKS
dosimeter readings decline slightly with time, for which corrections can be applied [4],
which enabled us to expose them for 12 + 2 months. At the end of the exposure, the detec-
tors were extracted, and measurements were made with an IKS-A instrument. Table 1 compares
the data with the annual discharge from the stack as measured independently from the read-
ings of DBG-1 detectors and from dosimetric and technological monitoring of Sistema type

[51.

Table 1 shows that the y-ray dose due to radionuclide discharge 1s 30-270 mGy (mean
error of measurement about 10%), which is 20-300 times larger than the doses due to the
natural radiation background, which were 1.0-1.5 mGy during the exposure. Error in dis-
charge determination about 30%. The ratios of the measured doses to the discharges were
close to the mean value of 1 £Gy/Bq within the error limits. In an emergency, one can re-—
cord the dosemeter readings directly and use the coefficient to determine approximately the
total activity discharged into the atmosphere. The IKS dosimeters can measure up to 10 kGy
(3], which in this particular case provides for determining discharge activities up to 10
EBq (10° Ci), where the routine apparatus may go off scale.

These results were obtained under normal working conditions with the y-emitting radio-
nuclides normally occurring. In emergency situations, the discharges may be enriched in
short-lived nuclides, and the ratio of dose to discharge may be different. This coefficient
needs to be refined by the use of emergency gas-—aerosol radionuclide mixtures.

TABLE 1. Radioactive Gas Discharge
Measurements

. Ratio of dose
Year Discharge [ Y-ray dose, |to discharge,
TBq/y mGy/y £Gy/Bq

1975 2146 31+7 1,54+0,8
1976 50416 | 46+ 7 0,84+0,4
1977 ThA22 45+5 0,6+0,3
1978 5015 364 0,740,3
1979 444-13 3043 0,940,3
1980 2447 2043 1,240,5
1984 140440 170420 1,24+0,5
1982—1983 200460 270430 1,4+0,5
Mean — — 1,0£0,1

Translated from Atomnaya Energiya, Vol. 59, No. 5, pp. 383-384, November, 1985. Origi-
nal article submitted May 8, 1985,
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In addition to use on the stack, the IKS detectors of size 15 x 15 x 4 mm were exposed

on the balconies of houses at various distances from the stack in the direction of the pre-

vailing winds.

and the dose level previously known for the locality within the errors of measurement.
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In all the years examined, we found no difference between the measured values
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